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FOREWORD

This report contains reprints of seventeen unclassified

papers published in the Special Feature - Magnetostrictive Materials

of the January 1977 issue of the Journal of Underwater Acoustics.

The eighteenth paper entitled “lJnderwater Sound Transducers in the

Ui. S. Navy: Past, Present, and Future” is classified CONFIDENTIAL;

therefore, only the abstract of that paper is presented here so

that this report may remain unclassified .
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U.S. Navy Journal of Underwater Acoustics Volume 27 , No. 1 January 1977

INTRODUCTION TO THE THEME: WHAT FUTURE DO MAGNETOSTR ICTIVE
MATERIALS HAVE IN SONAR SYSTEMS?

R. W. Timme t

Underwater Sound Reference Div i~ion
Naval Rese a rch Labora tory

Orlando , Florida 32806

ABSTRACT

A Mag rietostrict ive Malcriats Workshop was sponsored by the Un derwater Sound
Advi sory Group and the Naval Research l,ahoratory on 25 and 26 February 1976. The
objectives of the workshop were to hring together the scientists , en gineers , and managers
who are actively concerned with mUgnetost ri ctive mater ials to discuss recent advances ,
especially the rare rarth .iron a l loy s , and to improve communication among disciplines.
This is.sue of the Journ al  conta ins many of the papers presented.

In February 1976, the Underwater Sound Advisory Group and the Naval Research Laboratory
sponsored a smal l workshop on magnetostrictivo materials and their relation to underwatet sound . Fifty
people directly involved in various aspects of this field attended the 2-day meeting at the Underwater
Sound Reference Division in Orlando , Florida. The attendees were a cross section of a rather diverse
group. Sonar system designers and engineers were present , as were basic physicists , material scientists ,
and program managers. Some were Government people , some were from industry , and some from
universit ies , but all had the common interest of how magnetostrictive materials might be app lied to
sat isfy Navy needs of generating and detecting underwater sound.

The purpose of the workshop was twofold: to discuss the question of “What future do magneto-
strictive materials have in sonar systems? ” and to improve communications among the various interested
parties. This has not been the first such workshop or minisymposium. Similar meetings with similar
objectives were held in 19661 arid 1969 .2 The need for this meeting was largely a result of the recent
discovery and development of rare-earth iron alloys hav ing magnetostrictive properties far exceeding the
more conventional nickel alloys. In fact , reports were being received from various research groups about
all oys havi n g coup l ing coef f icients , strains , and power-handling capabilities exceeding, in some cases , the
piezoelectric ceramics that had disp laced the nickel alloys 20 or so years ago. Thus it was appropriate
to reconvene for discussion of recent advances. Some of the attendees had also been present at the
earlier meetings , but because time does take its toll , most of the attendees were relative newcomers and
the establishment of lines of communication was needed .

tTh,. Editors would l ike  to t h a n k  Dr. U. W . Timme of N R L  (Orlando) ,  ( ‘ha irman of the Workshop , (or solicit ing and
,.(Ij ting the papers presented in this issue and for writ ing this very fine Introducllon to the theme .

~W. S. (‘ ramer , ed., J ( ’ ~1 l ’ .S.\’ I 17 , 199-346 (1967) .
F. S . Gardner . ed., I’roe. Th’I . Mugnt ’lo aeousI.  Moler . ttorl:sIIop (25 Aug. 1 969).
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‘rwenty-four formal presentations were made , 17 of which are the hulk of this Journal issue. The
presentations can be divided into three rather different groups as follows:

1. Sonar transducer material requirements

2. Investigation of magnt ’tostrictive nickel alloys
3. Investigation of magnetostri ctive rare-earth iron alloys

The f irs t session , chai red by Mr.  Carey Smith (NAV SEA ) ,  opened wi th a di scu ssion 3 of the historical
development of Navy sonar by Dr. ( ‘ . Ii. Sherman (NUSC). lie presented the reasons wh y p iezoelectric
ceramics have been so much preferred over the conventional magnetostrictive alloys. He also discussed
present and future Navy needs for sonar with references to specific numbers and systems and how new
magnetostrictive alloys might he useful. A general impression received from Dr. Sherman ’s remarks was
that the sonar engineers and designers are fairl y content with I)iezoelectric ceramics and that any new
material would have to possess clearl y outstanding attributes before it would be widel y accepted.

4 , , 4  ‘ . r -The next two papers by Dr. R. S. Woollett (MiSC ) and Dr. C. M . Davis ( N R L ) ”  were of a tutorial
nature. They discussed the relations between basic material properties and operating transducer
parameters and reviewed the properties of the conventional magnetostric tive materials . . -\s a result of
these two excellent presentations , the scientists understood more ful ly the operational implications of
such properties as low elastic moduli , low permeability, and large magnetic fields , and the engineers
understood better the need for studying such things as magnetocry sta lline anisotropy and alloying tech-
ni ques. Dr. Davis discussed one of the plagues of this business--investi gators 20 yea rs ago used diffe ren t
symbols to represent certain properties. The situation has been confused even more because some people ,
then as now , use electromagnetic units (emu), some use mks , and some use various combinations of the
two. The reader may find it useful to review Table I in which the equivalences of the more unfa m iliar
par ameters are summarized.

The second session , chai red by Dr. R. M. Bozorth , internationally known magnetician , concerned
current investigation s of conventional (i.e., non-rare-eart h iron) magnetostrictive alloys. Onl y f ive pape rs
were presented , which is indicative of the recent low level of effort in these materials. P. J. Lenart
(NUS C) 6 and Drs. D. T. Peters (IN CO) , 7 E . L . Huston (INC O) 8 , and J. A. Sinsky ( N R L ) 5 described
work on nickel and nickel- cobalt alloys. C. L. LeBlanc (NUSC) 9 and Dr. E. L. Huston ( lN ( ’O) ’O tal ked
on the use of orthogonal magnetic fields in transducers.

The third group of papers was devoted entirel y to the rare-earth iro n alloys , which have been touted
as the most significant breakthrough since the ceramics. These papers were presented in two sessions
cha ired by Dr. C. M. Davis , Jr. (NRL),  and Dr. F. S. Gardner (ONR , Boston).

A slight digression may be appropriate at this point to answer the question “What are a rare-earths?”
First of all , they are not “earths. ” They are a group of transition metals known as the lanthanide series
and arty found in the periodic chart as shown in Fig. 1. They are the 15 elements starting with
lanthanum , atomic number 57 , and ending with lutetium , atomic number 71. Each element in the
lanthanide series has one more 4f  electron than the preceding. They all have similar chemical

3C. H. Sherman . “Underwater Sound Transducers in the U.S. Navy: Past , Present , and Future ,” JU..t ( ( ’S N )  27 .
(197 7) (Confidential).

4 R. S. Wor,llptt , “Relation of Basic Material Properties to Operating Transducer Parameters ,” J ( T . 4 ( ( ’ S ,V )  27 ( 1 9 7 7 )
‘C. M. Davis . “Properties of Conventional Magnetost rictive Materials for Use in Underwater Transducers ,” J U.1(t’ .’~~ I 27.
(19 77).

.1. Lenart , “Nonlinear fligh’Drive Characteristics of Nickel Rings,” J ( T , 1 ( ( . S’A’) 27 (1977).7 D. T. Peters . “Comparison of the Magnetic and Magnetostr ictive Properties of Cube-Textured and Conventional Nickel
Transducer Materials ,” J t ’ . 4 ( U S N)  27 ( 1977) .

A Sinsky, K L. Huston , and 13. T. Peters, “The Evaluation of Cube-Textured Nickel-Cobalt Magnetostrictive Ring

L 

9
Transducers During Low-Power Linear Drive ,” JUA (( TSN) 27 (1977).

io
c L. LeBlanc and C. H. Sherman , “Effect of Ort hogonal Field Excitation of Nickel Rings,” 11.1,-I (t’.’~N) 27 (1977).
F.. L. Ilusion , “Orthogonal Excitation of Magnetostrictive Materials for Improved High-Drive Characteristk -s .’’ J U - 1 ( ( ’ S .V )
27 (1977).
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TABLE I
Relations Between Parameters in the Electromagnetic (ernu )  and mks Systems of U n i t s

Parameter f Unit its the cmii SYstem~ ] 
Unit in the mtss System I(elatii,n 

-

Current I Abamperi’ ampere I aharnp 10 A

Potential V abvolt volt I abvolt 10.-s 
~

Magnetic field I-I oersted (Oe) ampere-turn/meter I Oe ( i0~ ‘- l 7 )  (amp-tu rn in

Magnetic flux density B gauss (G)  webers/meter 2 (= tesla (T o I G = t~
—
~ T

Permeability p oersted/ gauss henry/meter 1 Oe/I  - 117 ‘ 1 0 If rn

(aB) ( IS) (~~/ l) (.:)S)
Magnetostrictive constant d d —~~~ = 4it — d = - ---— — ---- d (cmli ) “ 10~ d (m k s )

(a T ),, (Oil)., .  ( 0 1 ) ,, (0 ”

0e 1 rn/A-turn

Stress T dyn es/cen t imete r 2 new ton/meter2 ( pascal (P a) )  1 dyn i i cm ’~ 1O~~ Pa

“1

7. .’., .
.
‘
,

..‘ 
_.s -

Fig. 1 . Periodic chart of the elements

characteristics. Some are magnetic, some are not: some art’ magn etostri ct ive . some are n o t :  and some
have magnetic anisotropy , some do not. But , if they are magnetic , they art ’ very magneti c .  If t i n y  ar t ’
magnetostrictive , the effect is huge. If they art’ anisotropn’ . thi ’ i ’rwrgit ’s art ’ tr emendous. ‘ l ’( i ,~ ~‘r i , ” . is
truly a land of the giants. The second point to make about the rare-earth t ’l , ’meiit is that  th e ’ ir e ’ not
rare . Dr. Gschneidner ( Iowa State ) poin ted  out in his presentation ~ that  then’ art ’  no : i v : i i ) a h i l t t  V prob-
lems with the rare-earth elements ; in fact , there are many common e’leme’nt s ( such as m”vl -ur\ - cadmium .
iodi ne , and selenium) which are less abundant  and several more ts u ch as t t in g st i ’u .  n iolvhde nun i . t in , an d
Lead ) equally abundant. ‘l’his , unfortunately, however , is not to  say the rare earths ar t ’  -hi ’ : ip ,  Ii
present , the average cost of a 99,9’, pure rare earth is about the same per ki l ogram a’. rest ar t -h gra ilt ’
lead zirconate titanate -eramic. Of course , th is  is much high er than h it ’  commercial grade ‘rain , ‘ .  fr i im
which transducers are made , hut if a iarge’ market developed for the rant ’ earths , th en a s i i t , ’ - ( . , n t ial
decrease in cost could occur. ‘I’he l an than ide  rar e -ear ths  are l i sted hv name ’ and symb ol  in I n t O . ’  I ) .

: - K A - (;si’lin,’,dii.’r . “A’~,itt~, tu tu y and ‘ uus i  iii Rare- Earth Metals Kspi’eiall y the I i , - .u v y  La ni han iili ’s .” .11 1 I ~ \ 2’
‘ 1 0 7 7 (
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TABLE II
Lanthanide Rare-Earth Elements

Atomic Number Element Symbol

57 Lanthanum La

58 Ceri um Ce

59 Praseodymium Pr

60 Neodymiu m Nd

61 Prometheum Pm

62 Samarium Sm

63 Europium Eu

64 Gadolinium Gd

65 Terbium Tb

66 Dysprosium Dy

67 Holmium Ho

68 Erbium Er

69 Thulium Tm
70 Ytterbium Yb

71 Lutetium Lu

Dr. A. E . Clark (NS’,V C( , 12 one of the discoverers of the large magnetostr ictive effect in rare-earth
iron alloys , opened the session on these new materials with an excellent review of the work le’ading to
their discovery and a discussion of the promise offered by these alloys. Good progress has been made’ in
characterizing the properties of the new materials; here contributions came’ from Drs. H. T. .Savage

and R. %V . ‘I ’imme (N R L ~V S R D L I l  Data went’ presented comparing properties such as cou-
j i l in g  coeff icie n t , magnetostrictive constant , magneto .strain , permeabil i ty,  effects of bias stress , elastic
moduli , and power-handling capability for several rare-earth iron alloys , nickel , and ceramic. Dr . N .  C.
Koon ( N  1(1~). also one of the discov erers of these’ alloys , discussed some very re ’cent data on a newl y
developed quaternary alloy that may he the best yet. 1

~ Alloy studies to achieve toughening in these
somewhat bri t t le  alloys were described by Dr. C. R. Crowe (NSWC’) .~~ Progress reports we’re presente’d .
hut are ’ not published here , on singl e and polycrystalline growth by Dr. J. E. Milste in ( N R L ) ,  on hot
pressing techni ques by Dr. 11. J. van Hook ( Raytheon), on plas ma spray coatings by Dr. T. ‘l’aylor
( I ’ n ioi l  C’arbide),  on vacuum-sintered and epoxy-encapsulate ’d materials by D. A. E. Clark (N S\ \  C’), and
on i sarnar ium-nicke l- i ro n composite by Dr. D. T. Peters ( I N t O ) ,  Dr. K. .-\ . Gschneidner (Iowa State’
l’r i i v e r s i t y )  re ’viewe’d the availabili ty and costs of the lanthanide rare-e ’arth meta ls. t I Actual prototype
transd ucers , using rane ’-e’arth iron alloys as the active material , were described by Drs. J. E. Butle’r

i a 11 T. 1’~as .ug. ’ and %V . ‘u, F’errando , ‘‘Magnt-tuum u’ ,’han ical Coupling, ~ E Effect , an(l Magni’tization in Itar,’ Earl Ii Iron
.I1’ , t , ( ’ ’ ~V ,  27 ( i 9 7 7 ~

It W Timme’, ‘‘ D,’vice-Orit’nI e d Materia l t,i,~ usu ru-mruu is tin Rare- Earth I lr,un At lu i ys . ‘‘ it ‘ -i I ‘ ‘s \ 27 (lIt.;.;
I - K’n,n and (‘. 14 Will iams . ‘‘Extri’m,’ly I.uuw A n us uu l ru u i uv ,  High Magnetostriction M~ulu ’ r ia ls  in a Qu u ; , I u ’ r u s u r s  Ran ’-

K.u r u lu  lr,,n ~~~~~~~~~ - J 1 .-1 ~~1 ‘.S V  27 ( 1 1 7 7  I
- Ii  C r ,  os,’ , ‘ ‘Mu r ri ist ru i i  ii ri ’ and Mechanical Prope’rties of the Iron Ila ri’ Lan In terme’ t at I c  (‘(urn pou ii ds .’’ .11 -1 t . ~’ \

27 ( I  ¶ 1 7 7 )

UNCLASSIFIED 
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( Raytheon ) . ’7 R. R. Smith (N t ~(’). 18 and 0. 1.. .\ ku ’rvold ( I l u u t ’ u e ’ y w t ’ l l  ‘l’he performan ce of these ’
transducers suffered somewhat because their design s wer e’ undertaken before the ’ material properties we’re ’
fully known , but they were successful in demonstrating the Potential of the materials and indicating in
what areas special care would be necessary.

The workshop closed with an open discussion of the “- - , s s ih i l i t i t ’ s  of applying the ’ rare earth-iron
alloys in underwater sound transducers. General opinion an ’s that  the ra re earth-iron alloys , notabl y
Tb03 Dy0 7 Fe9, do have great potential. Many of the material design goals (e .g., st rain , coupling, low
eddy-current loss, and high-power capability) established by the sonar de’signers and engineers at the pre-
vious workshops in 1966 and 1969 have been met- or exceeded , But , as is always the case , the pric e
must he paid. For these materials that price not onl y includes cost but also the need of large’ magneti c ’
fields and a brittleness similar to ceramic. In addition , some designers may l)e hesitant to accept
magnetostrictive alloys simp ly because magnetic fields are inherentl y more di fficul t to rout e ’ and control
than electric fields. Before becoming discouraged , however , one should remember these m aterials have
not been known very long and , at a similar point in development , ceramics were also looked u pon with
some do ubt.

The continuing development program for rare earth-iron alloys is health y and has ~~ enthusiastic
group of investigators and a multitude of avenues open for further improvement. The aforementioned
need of large magnetic fields may be greatly reduced by the quaternary alloys , or permanent magnets
may be used to prov ide the bias and thereby partially remove the need for large current-carrying coils.
The problem of brittleness in ceramics has partially been solved , and similar techni ques could be ~‘pp lied
here.

At this point the outlook for a major fleet sonar system design using a rare-earth iron alloy is
cloudy and premature. For many reasons ceramics are not threatened by competition from these alloys .
but a complemen tary role is quite possible . At presen t , app lication in low-frequency, high-power projec-
tors appears promising.

Thus the original question of “What future  do magnetostricti r ’e materials have in sonar sy st ems?”
was not definitel y an swered , nor was it expected to be . The purposes of the workshop, to discuss the
question and to improve communications , were accomplished , howe’ver , to the ’ hene’fi t of all.

J. L. Butler and S. J. (‘iosek , “Development of Two Rare-Earth Transducers ,” J(’ .- t ( I ’ S ,V ) 27 ( 197 7) .
R. R. Smith and J. C. Logan , “Design of a Transducer Using Rare’Earth Magne t ostr ict ive Materials .” Jt ’A( ( ’ ,”i.\’ ) 27(1977).

I9~ L. Akervold , D. L. Hutchins , Ft . (L Johnson , and B. G, Koep ke , “Rari’-Earth Magnetosirictive Transduc,’r arid
Material Development Studie s , ” J U A ) r , S V )  27 (1977).  



~ 

—--
~~~~~~~

--- 
~~~

‘
~~~~~~:: 

--

U.S. Nay Journal of Underwater  Acoustics Volume 27 , No. 1 January 1977

UNDERWATER SOUND TRANSDU CERS IN THE U.S. NAVY:
PAST, PRESENT , AND FUTURE* (U)

C. H. Sherman
New London L~ bo-atury

Naval Underwater Systems Center
New London , Conne cticut 0632 0

ABS’I’RACT

(U) Some aspects of the technical history of underwater sound transducers in the
U.S. Navy are reviewed to explain the transition from magnetostrictive transducers to
piezocerarnic transducers. Present Navy use of transducers is then summarized in terms of
the numbers and types of transducers that are being used for functions such as sonar and
communications . Finally, estimates are made o f Navy needs from transducers in the near
future based on extension of present needa and on new sonar arrays now under develop-
ment. The possibilities are also assessed for the use of new magnetostrictive materials in
present and future Navy transducers ,

The text of this paper is classifi ed CONFIDENTIAL and has been
omitted here so that this report may remain unclassified . Pleaserefer to the Journal of Underwater Acoustic s for the report byDr. Sherman.

Presentecl at thu’ W orkshop on .u~~r .u ’ t u ’ r i c t ~ve Mate rials held under the sponsorsh ip of the Underwate r  Sound Adsisory
Group and the Nava l Hes u’a rc- h [~~h’u ra t , u r ~

- . Orlando , Florida, ~ 7 - 2Ci February 1976.
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R E L A T I ON OF BASIC MAT ER I AL PROPERT IES TO OPERA T ING TR A NSDUCE R PARAMET ERS~

Ralph S. We,,,llett
Naval Underwate’r Sys t e ms Center
New London, Connecticut 06320

ABSTRACT

In evaluating materials f ,r projector applications , a preliminary step is to measure’
their small-signal properties and then relate these properties to transducer performance ’
by means of equivalent circuit analysis or distributed vibrator theory. However , no
judgment of the material ’s capability can be made until the large-signal l imits of the
material’s operating envelope are found, For magnetostrictive materials the saturation
magnetostrictive strain is the most decisive high-level property, hut the hyste resis and
winding losses sustaine d in driving to high strains are also of first .order importance.
Because the magnetostrictive materials will be in competition with piezoelectric ceramics ,
it is important that all properties of the iwo c lie.sse.s of materials be expressed on a common
basis to the maximum extent possible. When the rare-earth compounds enter the evalua-
tion arena , new aspects of the design problem come to the fore. With these materials
heat transfe r design must be given high priority, and the design must accommodate a
volume of copper conductor that pro uai>iv exceeds the volume of the magnetic core .
These practical problems as well as t he traditional material criteria will influence the
final judgment .

INTRODUCTION

At the last magnetostr iction workshop in 19691 I was assigned a topic similar to the pre ’sent one.
namely, to relate material properties to transducer performance and thereb y reve’al the areas where im-
provements in materials were most needed. I concluded then that the highest pri ority in materials develop-
ment should be given to increasing the saturation magnetostrictive strain X 5. becatise this property was
limit ing the power capability of magnetostrictive transducers and thereb y making th em noncompet it ive , 2
It appeared that dramatic improvements could not be expected from alloy systems then in use: so our hopes
lay in breakthroug hs in magnetic research.

It was astounding how rap idly these requested breakthroughs came about. Rare-earth e-ompounds t
that are magnetostr ictive at room temperatures were in 19’i9 only something to he speculated about ,
Fortunately,  Earl Calico was at the meeting and did the speculation. Today these compounds  are ’ a well-
documented reality, 3 and they have provided values of saturation magnetostriction he ’yond mv wildest
imaginings .

It is onl y the inf luence  of these new matenals that allows this presentation to he any  di ffe ’rent f rom
the one delive red in 1969 , because design and analysis proi’e’dures have not changed m u c h  in th e ’ i n t e r im.
There fore , in addi t ion to reviewing once again the material properties that are important  to the  t ransdu ce r
(he ’st gne r.  I wil l  try to indicate ways in which use of the new materials would change’ design param e te rs.

The’ hig challe n ge’ that the rare-earth elements present to the designer is the need for ve ’ry much highe ’r
magnetic fields than that to which he’ has been accustomed. ‘I’his feature require ’s t h a t  the ’ volume of c opper
c onductor he’ iiu ’re ’ase ’d by an order of magn itude or more’ over that used with the older materials and re-
qu ire ’s that  gre :il emp hasis he ’ put on he ’at t ransfer design . The’ volume of the winding  will  more ’ l i ke l y  than
not exc eed the volume ’ of the ’ magnetic ’ i -ore .

Pr,-se’ ,iie’d at t Ie ,- Weirk- .} ee , I e ciii \l,~ ’nc’l ‘sI rid eve- 51,,te’ria l.’, he’lcl unde r lhc- spienseirship of the’ Unete’ rwat ,’ r Sound Adv ise, rv
( r,eii p m e t  l ie , ’  Nava l hte ’ se ’~,reh Laboratory , Orlando , Flori d;, , 25— Fi’hru;er~- I

t A lin e -i c t ise-eiss i , en or t h.- rare -ea r th  meta ls  is given I, Dr . Tinime’ iii his Introduction I,, the’ ‘l’heme in t his issue’ .
I F’. S . ( ~a rdner , -el - ‘‘ Proe’e’e ’ei i rigs eif the’ Me-tee l l ic M;igne ’t imam ’ ,,ustic Mater ia ls  Workshop, ’’ ON H Heist inc Bra nclt i 2~ .-\ug. 1 9691
211 5 Ve , , , ih le ’ t t  ‘ ‘ \1 ; mg ni ’ te ’ .t nie ’ l is ~- N1;ite ’ ria l ltequire’menis ‘icr So n a r  Tr.,ii’.,teic ’ ,’rs .’’ ,JI’,-%((.5.’~( 20 , 9 - 69(1
.1 11 , ‘r. S ;ivage- .\ I ( ‘lark , and .1. Ni. l’’’we ’ rs , ‘‘ \l;t~’n,’i ‘‘ne,- i ’( ia,ij ciil Coc e h ih ing inch ~ b Effe’eq in I t id i ly  N1;igne ’iiist rict iv.’ Ran-

I’ ..~ntl i-Fc ’ 2 (‘ ieni;ieiund.s , Il- i- !-: Traces . Magn. ncag-1 1 , 1 155.1:35 7
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re’vte ’w is organized as follows: fi rs t , I will de scribe various type’s of magne ’tostr ictive’ transducers :
then , I wi l l  review the ’ small-signal mat ’ri al properti ’s that are ’ ueo’d in the in i t i a l  phase’ of transducer de-
sign : final ly .  1 will talk about the’ large-signal powe’r l imits of the’ material and how this information is
used to establish the ’ final capabili ty of the desi gn.

‘I’YPES OF TRANSDUCERS4-6 -

Some of the ’ configurat ions in which magnetostric tivc materials (‘an he used will now he described
to illustrate qualitatively the important design considerations.

Figure 1 shows a free-flooding nickel ring transducer. The rings vibrate with a uni form breathing
~~ motion and radiate sound from both their inside and outside surfaces. They are normally used at radial

resonance , and the size of the resonant ring is slightly less than one wavelength in the water ,  Because
the nickel core is noncorrosive , it  requires no protection from the seawater. The excellent .stn ’ngth of
the laminated nickel rings and the elegant simplici ty of this confi guration has made the magnetostrictive
ring a popular transducer type— the only one that survived the competition of the piezoceramics for very
long. The winding is intended to he acousticall y transparent. It does not contact the vibrat ing core’,
and hence does not contribute to the mechanical impedance of the ring.
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Fig, 1. Nic kel screill ring transducer

~It S . W ,,,, i i, l i . ‘‘Power I ,e m i t ; et ,wi ’ , of Su e,,, ’ T r ; , e isuteide ’ r s , ’’ iEE l~ 1,- s u m s .  S~,ueu, - s I t luu i .s,ei,  s ic - I fs, 2 1 M — 2 2 1 1  I t
I F’. lIue’te’r , ‘ ‘Twe nty Ye ars in Unde r w a t e r  A ,- , ii,, t i e ’ s :  ; , ‘ i u ’ ’ r . t i ee n  inch lii’i’i’liti(ifl , ’’ J. i u ’ ’ u m s L Sie~ . - liii 51 , I t (2~u 1 ( 1 1 ( 1
I I  1(7 I
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If instead of n ic -ket . the ’ rings were made ’ out of one of the ’ rare’-e’a rth v ’ ( m m l ) e ) c i i ic ls . such is ‘l i e  I”e’ .~they would be c apable ’ of mu( ’h higher broadband power ,  Unfor tuna te l y ,  in the ’ course ’ if the ’ de-velop-
ment of the new materials , the ’ gre’at stre’ngt h advantag ’ of the magne ’tostrh -tive me ’tals sli~ipe’d ; iw :mv -

The’ ‘I’hFe ’., r in g would he ’ b r i t t l e  and fragile. We ’ hope that other rare ’-e’arth comp ounds wi l l  he ’ (Ii ’-
veloped that will regain the strength advantage—even if the price is lower magnetost r ict ive ’ t u - t t v i t y .

The very thick winding required on a rare-earth metal core could hardl y he made ’ acous t i c ally
transparent. It would he necessary the ’n to consolidate the winding with the core’ for ~~~~. v l l i r i t l i e n s  t ei
he transmitted to the water. If a rubbery consolidating compound was used, the ’ winding  would add
mass but not much st iffness , and the ’ resonance ’ fre ’quency would go down. The’ mechan ica l  lc ,sse ’s
would he in -rease’d. If , on the other hand , a ngid consolidating compound was use’d , both mass and
st i f fness  would he added and the change in resonance frequency would be less. The’ adde d s t i f f n e ss
would decre’ase th(’ effec tive electromechanical coupl ing factor of the resonator. The ~eossI l ) i l i t i i ’ s for
heat transfe r are good in the free-flooding arrangement. Techniques for c i r c u l a t i n g  li quid through the ’
consolidated winding would have to he explored,

Figure ’ 2 is a sche’matic i l lustrat ion of a longitudinal ly  vibr ating composite transducer. The ’ re so-
nator c’onststs  of two laminated magnetostr ictive bars joined at the front  to a radiat ing he’ad and at the ’
rear to a -ounterh alan cing tail mass. Magnetostrictive resonators of this type ’ have ’ bee n complete ’l y
superseded in the United States b y piezoceramic versions. ‘I’he increase in powe r promisc ’d by the ’ rare ’-
earth compounds would tend to put  the magnetostrictive type hack in the competit ion.

Because the conductive windings are not in the path of vibratory power flow , they t a n  he’ isolated
from the c ore’s by spacing. Then the thick coil required for a rare-e -’arth model would not affe ’ -t the
me c han ical behavior of the resonator. Permanent magnets have sometimes been used in the’se struc tures ,
hci t  their  reluctance degrades performan ce ’ , and they could not provide a strong enough fie ’ld for the
rare ’ e ’arth compounds. A dc bias current is , therefore , required. Transducers of this type are usuall y
used in pulsed sonar systems; it would he desirahle to pulse ’ the ’ bias current along with the signal to
r e d u c e ’  heat ing and conserve power. The need for providing a bias I)0We~r supp ly and associated cir e ’uitr
WO0I (l Is ’na lize the’ magnetostrictive designs in any competition with the piezoe eramic s,

‘t he ’ transdue ’e ’r shown in Fig. :3 is called a flextensional type’ because’ it - tist ’s both flex ural  and ox-
t e ’ t i ’ i u m e t il vibr at ions , The driving member is the axial ceramic stack; it induces flexural vibrat ions in the
sur r ound in g  metal shell. i’he’ flextensional transducer is smalle ’r than the’ type’s descrihe’d pre ’viousl y for
t he ’ ~ im ’ ’ resonanc e’ fre ’qiee ’ncy. Of course , the ? smalk ’r size is accompanied by a decrease’ in power , but
the ’ re ’~c i l t i i i g  la ’rf ormance will he opt imum for some app lications.

RA D I A T i N G  rA C E
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Fig. 3. Piezoelectric flextensional transducer

No magnetostrictive version of this transducer has been built  to my knowledge , hut  the configura .
tion is obviously suitable for magn e’tostrictive drive, in the latte ’r case the oval shell would he ’ ferro-
magnetic to provide the flux return path for the ’ central bar , , -~s in the longitudinal vibrator t r a n s d u c e r .
the winding coil can be isolated from the core. The heavy coil require’d for a rare-earth core wotild the’n
not affect the vibratory behavior of the transducer.

Figure 1 shows a flexurally vibrating magnetostrictive bar assembly. 7 The’ two bars fle’x inwardly
-and outwardl y toge ther , for ming a ‘oj l ane’ed vibrator , Fk ’xural vibrators are advantage’ous for low-
frequency use because they are more compact than exten sion al ly  vibrating types and me)re ’ compact
even than the Ilextensional type. To generate flexural motion , it is ne’cessary for the’ magn etost r ic’t ivi ’

— strains in the opposite sides of a bar to be of opposite ’ polari ty.  In the arrange ’me ’nt shown , eac h bar is
slotted , and separate win dings are put on the two halves of each bar. Then an attempt is made ’ to restore ’
the integrity of the bars by fil l ing the slots with a luminum slx ic ’e’r s and epoxy. This ni cke ’l vibrator is

about 1 m long and resonates at 300 Hz, it is inte ’nded to radiate from the oute ’r sur fac e’s of the ’ liars :
it would he incorporated in a housing designed to retain air in the ’ space between the bars . .- \ l t h o u gh
this is a very rugged device , its power capability is too low because of the low saturat ion magne’tostrie ’-
tion of the available metals. Piezoceramic flexura l bars havt ’ swe’pt the fie ’ld of c o m p e t i t i o n .  The fra-
gi l i ty of the ceramic has he’e’n overcome to a large ’ e’xte ’nt by the ’ use of compre ’ssive’ pre’stress.

Becatise improved very-low-freque ’ncy transducers tire ’ urgent ly  needed, a good p lace’ to put the rare -
earth compounds to use would he in the construction of flexurti l bars , assuming that a compound could

~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~ ‘~~~~~
-
~~~~~

- 
~~~~~~~~~

1- ’ mg 4 , Cee’ Ni deeuble’l,ar fle’xurah’mod.’ transducer

711. S. WoohIe ’tt , U. S. P e d al No. :1, 171  i t o hes sue ’ t I Ui Mar. t?u ~5i .
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be’ develope’d with reasonable ’ stre’ngth. A siml) le ’r arrange’ment than the m i ne ’  shown we ul el l ee ’  de ’sirable
at the start , and it is , in fact , possible ’ to avoid the ’ slotted bars and t ’omp lie’ate ’d w i i i e I t i t g ~ and J ci s t  cisc ’  a
single coil on each bar. To generate fle ’xure ’ in that  c ase’ . h i l ame n ar  bars e ’mpl oyin g two m l i s s t i n t l a r  mate ’-
rials would he’ used. One material would have ’ posit ye ’ magneto striction and the ’ oth e ’r e l m-g el y e ’ magn eto .
striction for the best re ’sults . Fle ’xure cou ld  s t i l l  be’ pre edt ie ’e ’d , but  l e s s  i ’ f t ’e ’ m ’ t i v e ’ l  , if ( c i t e ’  of the ’  lamina-
tions was inert , composed . fo r e’xamp le’. of stainless st e ’c ’l  or a strong ceramic.

In the flexural bar transduce’r , the ’ e ’ ceel s  must  he’ m ’ e e n s e i l i e l : m l e ’ e I  w i th  the ’ m a g n e t i c  d e e r e ’s to al low the ’
vibrat ion to he transmitte ’d to the ’ water, ‘F bi’ Ilt is.s IVi ’  coils re ’quire ’d l ’c e r  a rte r e ’ -c’arth transdu e ’e ’r wil l
affect the vibratory behavior wi th  re ’su l l s  s imilar  to those ’ dt su - i i sse ’e l for the ’  r ing t r a n s d u c e r .

SMALL-SIGNAL P IE ZOM AG NETIC PROPERTIES

I will now tun  to the ’ quant i ta t ive ’  is lee ’e ’t S of e ’va lu a li isg magne ’tost ric ’t ive mate ’ria ls for t ran sdu -e ’r
applications, I li e ’ tr an sdt ee ’e ’r s tender e- oi i s ide ’rat iun tire ’ p r imar i ly  high-power pr iej e ’e - te ) rs ,  ‘l ’he’ ~)ros pee’t .s

• for magnetost ri ct ive ’ h ydrop hone’s it this t ime ’  are ’ pre ’t ty d im.  It  is assume ’el that  the ’ mater ia l  is ope rated
with a magnetic bias see tha t  for small  signals , at least, th e  transdu e’e’r m e t s  is a line ’ar t ransmiss ion sys te m -

t

• Small-signal pro lee ’rti e ’s w i l l  l i e ’  d isc uss. d fir s l  The’se’ properties e ’ita h le ’ one’ tee  calculate ’ tee  a f i rs t
approximation resonance ’ frt ’que ’ne ’y . Isan iw i d t h . e’ ff i e ’ i e ’ne ’y.  and i n p u t  power factor .  l’he’y c annot , of
course’ give any informat ion on the ’ ~~w~’r e’ap aisil i t y of the ’ transcluce ’r , Power l imi t s  wil l  he discussed
at lengt h late ’r ,

Biased magsu ’tostr u ’teve ’ rnate’rtals (s~N ’ratdn g itt I la ’ luu’ar regi me may be ’ caTh’d cnezomagne ’tie ’ in th e’
same sense’ that pre’l)e)le’d c l i i i  ru ist r i m - I l y e ’  e - e ’rarn ee ’ mt ete ’ri t els are ’ e’alle ’d p ie ’zoele ’e’tric. The mat e ’ria l may he’
de’scrihe’d by lin e ’ar equations of s t t i l e ’  (or c - o i l s t i t  c i t i v e ’  equa t ions ) ,  which  ire ’ anstlogs of the piezoe’Ie’ctrec’
e’quations of stale ’ , i’he’re’ are ’ fotir forms in w h I c h  th e se’ e ’ e l u i t t o i l s  may be writt e ’n. I wi l l  he using the
form in which stre ’ss and magnetic ’ fee ’ld in tens i ty  are’ the ’ inde ’p e ’nde ’nt variable ’s,

Equation ( 1 )  shows the ’ pi e’zomagn ’tee ’ equtit ions of state ’  fes r a polyc -rystal l ine ’  mate ’ria l . which apply
when the’ ac magne’tie ’ field ts colinear with the dc bias field :

S 1 = + .S (~T9 + ,s f m~T3 + d 31 H.3

“2 = ‘c + ‘S (1~ T9 + S (cT , d 31 113

S3 — .s~çT 1 + .~ çT9 + .S,~~T:t + d 3:3 H :t

= . ‘c,~~T4 , I I )

S5 = .s44 T 5

S6 = s 66T6

B3 = d 31 T 1 + d:3 1 T~, + (j :3 :3 T3 +

where

S = strain ,
H = magnetic field intens ity,
T = stre’ss ,
B = magnetic flux density.

If the at’ field had a compone ’nt normal IC ) the dc field , shear sI rain s would be’ Isrodtie’e’d lsie ’zo ’
— 

- magnetically and additional terms would appear in the equations , lnit this type of e ’x e ’iting fie ’ld is not
used in sonar transducers . In the’ equations . S1 t-o 

~~~
• 1 are’ exte ’nsional strains and T 1 to T3 are’ extensional
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,strai n ~ and T 1 to T.~ are extensional stresses. Similarl y S4 to S6 are’ shear strains , and T.1 to T6 are
she’ar stre’sse’s , By convention , the x 3 coordi nate axis coincides with the direction of the bias magnetiza-
tion. However , the bias magnetization and the resulting static strain do not appe’ar in the e’quations;
the ’ variables that are shown are the small signal incremental values of stress , strain , and field.

The -s coefficients (wi th  double subscri pts ) in the equations of state are elastic moduli me’asure’d at
constant fie’ld inte ’ns ity , the d coefficients are piezomagnetic moduli , and P ,~3 is the encreme ’nta l per-
meabi lity measured at constant (or 7ero) stress. The values of all the coefficients depend on the p artie - ’
ui -ar value of the bias magnetization that is chosen for the operating point. There are eight indt ’pendent
co e f f i c i en t s  in this set , but in engineering applications they are not all used or measured. The’ notation
is tha t  of the IEEE Standards ,8 which is a big improvement over the unsystematic and amheguou s iota-
tion used in some of the older literature. The’ parallelism of these’ equations with  those ’ of l)i(’ZOele’c-
t r ic i ty  is a bi g hel l) to transducer  designers who wish to work in both fields.

Equation ( 2 )  shows the equations of state reduced to the simp le form that is ade’quate for most
transducer app lications:

S3 = S ,~~T.1 + d 33 H ~

B:1 = d 33T3 + p .~,3H:3 J
‘lh e ’se ’ e ’quat ions apply to sle’nde’r bars or th in  rings , in whic h late ’ral stress can he neglecte’d. She’anng
stre sse s are’ also pre ’sun e’d to he’ ,ibs’ n t .  \V e ’ are’ le ft with thre ’e’ coeffic ienLs that are of practical inte’rest
in small-s i gnal t ransducer  dc’sign :

s.~ç = re ’c’ipro e’al of Young ’s modulus , cons tan t  H .

d 13 = pie”/ ,omagnet ic modt i lus .

~ ~ 
= in cr e ’me ’ntal pe ’rme ’ahility , c o n s t a n t  7’.

In additic in .  we’ are in tere sted in the ’ de’nsity of the ’ mate ’rial and I ts  resistivity

‘I’he inf lu e ’n e -e  of the ’se’ prope ’rtie ’s on transducer design will  now he re’vie ’we’d. The (‘l~i s t ic  c o m p liance ’
modulus .s~~~ togethe ’r wi th  the ’ de ’ns ity p de ’te ’rmines the ’ spe ’e’d of sound in the’ material , . -\ snial l  sesund
veloc ity (large ’ ~4c ( is ofte’n de’sire’d I e e ’c - a u s e ’  it can re ’sult in a t -ompact re ’sonator for a given freque ’ne’y ,
In the ’ u - as m ’ of a ring transd cece ’r re ’sonating at Ii give ’n fre ’que ’ncy. for examp le . an ordinary nie’ ke ’l r ing
would he ’ ( ( Y  larger in diame ’te ’r than a I’Z’I’--I ce ’ramic ring; a c’uhe’-te ’xtur e ’d nickel r ing,  howeve ’r , would
he onl y 26’ large’r: and a rare ’-earth ‘l’hl” e ’ .1 r ing would he’ about thi ’  same ’ size ’ as the ’ ceramic’ t ale ’ -

large compliant -c ’ modulus  -also e els to low six ’ci fit - acou st ic’  impedance for the mate ’ri al and th i s  hel ps
the ’ de’signe’r to achieve low mechanical  Q and large ’ bandwid th ,

‘I’u rn ing  to the ’ ine -re ’m enta l  p e ’rme ’aI ) i lity ~~~~~~~ we note ’ that  a hig h value ’ of pe ’rme ’ah i l i ty would
e’nahle ’ us to use’ a w ind ing  with  few turns  and s t i l l  ac -hie ’ve ’ the ’ normal electrical impedan ce ’ Ieve ’l , Oii
the csth i ’r hand ,  high pe ’rmeah ility te ’nds to produce hig h e ’ddy-e’urrent loss: SO We ’ would not w i n  I the ’
permeahility raise d unless the ’ re ’sistivity of the ’ m aterial was also raised ‘cs a Prac tic al  mt e t t e ’r , the ’
i ncre ’ me’ n tt e I petrme ’ahi Ii ty of nickel , whic h lie’s in the ’ range ’ 1) t i m  1 00 re ’l te l i ye’ t cc fre ’e ’ sj  u m u  ‘ C ’ - “I ilte ’i i i’s (t i

he’ satisfactory. ‘l’he’ rare -’-e ’arth compounds have ’ low pe ’rme ’ah il ity. which require ’s tha t  large ’ co i l s  1)1’
used , a~ me ’nt ioned e’arlie ’r ,

A high piezo magn e’t ie - modulus d: 1 : 1 ohvious ly is de ’sirc ’d, ‘I’o judge ’ the small-signal ~sie’zomagi ’ie ’ ti e ’
ac t ivi ty of a mate ’ria l . one should not look at d: 1:1 alone ’ . hut  rather com b ine ’  the ’ thr e ’e ’ e ’oe ’fftc’ ie ’n ts of
the ’ equatio ns of state as shown in Eq. ( 3(  to yi e’I d the ’ e ’le ’t ’trome ’c-han i c -al t -oup l ing fai l or

MTech n cal Commiete’e on ‘I’rI, uisel me , - , ’ rs and Re’son~iI ee rs ec f the’ IEEE G rec u p on S. c i t i e s  men el UI trc isoes ce’s , “IEEE St iiit cia rd ccci
M m go ‘ l u s t  rue- l i  vi ’ Mcete ’r ia Is Pee’zomagne ’t ic Ne,me’cse ’la lure ,’’ IEEE ,Standard I 97 I
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• 
“~~:t = ~~~~~~~~~ - ( 3 )

-~: i : iP : t : t

‘I’he’ value ’s of t lie ’ co cc I c l i i i  g fae ’t ei r a I ways l ee ’ lee ’  t we ‘e ’ti zero and one; he ’ it c e ’ . it  is e ‘IL SY t i m j ted ge’ t m - i

- ‘ signif ic ance’ .

‘I’he’ e ’lm ’ct ro me’c han ic -al c ute l i i i  ii ~ fat ‘tor is anal ogo us to t lie ’ e o n  lilt ii g c’oe ’ffi e ’ l e n t  i i i ’ I t iii l et u al  i mid t i c - I  cm r -

I t s  fundame ’nta l  c haracte r is lm rc a ig h t  - u I  l)y is e’ne ’rgy de f i n i t i o n .  ~\ Iie ’n e ’ I l m ’ r g v  ~S P°~ h t m l  a t r m i i s i l i i e ’e ’ r
e’lc ’ctrica ll y ,  

~
‘
~~~ t g t c e ’s  the ’ frac t ion of the ’ i npu t  e’ne ’r gy tha t  appe ’ars in me ’t ’h tui  ic ’a l form - sI I r e d  iii  the ’

e ’Iaster dm sp l ac ’e ’me ’n t - I t  is I hc is a I i :i s i  u - i nde x of e’ne ’rgy c ’om ive ’rs ie ,rl c ’apahi Ii I v c i f I l i e ’  I r ansd t it e r. I” c er
nic kel . /~ :t:t 0 . :1 at ce pti m u m  bias , For the ’ c oba l t—nickel  al loys . viii ca ’s m ’x e’e ’e ’din g t) . S have ’ b e e n  oh—
taine ’d at op t in lum bias , \Iost ;ms l ie ’ e ’t s of transduc ’e ’r P erfor m -ant -c ’  I m ’ s l uu ’ m ’ t :m l l y  l ) a i t ( Iwic l lh  I im ~e r t )Ve ’ v’, i t l i
an increase ’ in the ’ c o u p l ing fae ’lor ,

Figure ’ 5 gi ye” val tee ’s of I lie ’ I eie ’zomagn e ’t I t ’  liii ra me’ te ’rs for an etc ‘a le ’ci iii e ke ’ I .  ‘I ’he ’ c- i t  ry e ’ s s i  u usc t he ’
way these ’ parame ’te ’r s vary with  lie -as f lux  densi ty .  Evident ly  these ’ paranie ’te ’r s c ’ a t imie  ml bc tre ’ate ’d it s
constants unless the ’  swing of the ’ ac f lux  c l m ’n s i t v  is kept smal l .

- “ ‘cs an e’xa ni l  de’ of ho W I he’ piezo magne ’ti e’ parame ’te ’rs ti re ’ U se ( I in ~i t r im cisc I l ic e ‘I’ u l e ’ s  I I t  - an e ‘ I c ’  u - I Fe i -

— mechanic -al c i r c ui t  is shown in Fi g. for a nng  transdut -c ’r.  ‘I’he ’ r ing  is , m s s c i i t i e ’ u l  t i m  l u m ’  v t l e r a t i i t g  w i t h
uniform radial m oti o n , The ’ c i r c u i t  re l a t e ’ s t he e’le ’c’ tric ’aI c ’I i r t I i l ) I i ’ s u, u u l l :ug , ’  and e ’dl r r e ’ i t t  to t h e ’  nim ’m ’ h ;i i i i i ’~il
variable ’s radial v e ’ l i u u - i t y  aia 1 f cm rc’e’ , ‘ftc’ classical a o: i lu igv  Is t i~ u ’ u t . c v I t  Ii v e ’ l u  eu - I t  i t t l i l u uUe u uus I t )  e t i r r e ’ I i t .
S tar t ing  at the ’ le ’ft of i” ig 1 we ’ have ’ the ’ bloc ked i n d u c t a n c e ’  ‘ uu - t h aI  is e l m ’ I e ’ r i l l i I u e ’ c l  h i ’s l h c ’ n c i mhe ’r  ie f

4 - turns - the ’ eli me ’ns ie eel s , ant I the ’  pe ‘rme ’ah i Ii ty

e t ~~/tItp ’
~

— 
2tw 

-

‘I’ he ’ e l e ’ i ’ I r m u - ~m l a nd me ’e ’hai i t u’~i l s i t - I  n u l l s  of the ’ c I r c u i t  tire ’ t ’o t ipl e ’cI  liv i i i )  e ’ le ’ t ’IrOlTie’ c ’ i l t i i t i u i t l  gvr ; mt  u er cc h i . -
ra t e c e  o .s de te rmined liv t h e’ ei e ’ -z e i n t a g t t m ’ l t c ’ m e e c l u l u s  am i d t h e’ u u u t t t l u l l l i t i u I’  r n m n. lu l t i s  along w i t h  the ’  n u m b e r
of turns and the ’ d i m m ’ n s l i e i l s
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Fig, 6, Circuit for a ring transducer

nbhd 33

aS~~

The compliance CM is determined by the dimensions and the compliance moduiu .s of the material:

uiu~,
aS~~

‘I’he mass M of the vibrator is determined by the dimensions and the density:

M 2irabh p .

The angular resonance frequency Wr is given by

[i1 1 [T CHwr = V ~~~~~1/~ i =
~~

Wherc ’ (‘~‘t’ is the ’ sound vm ’ho c ’i ty.

The ri ght-hand side of the c i r cu i t  is terminated in the radiation impe ’dance when the transduc er is
in water. It  is then possible to calculate the small-signal performance of the transducer by circui t
analysis. However , the circuit as shown omits all losses. .  .-~ mechanical loss re’sistance should be c’ste-
mated and added to the’ r ight-hand mesh of the circuit . The eddy-current loss angle’ should he calculated
from laminat ion thickness and the ’ permeability and resistivity of the material. To account for the’ e’al-
culated eddy-c ’urre’nt effects in the circuit , one would add resistance to the lef t-hand me’sh and also make’
the ’ gyrator ratio a c o m p lex number . The small-signal efficiency c’ould then he calculated.  The result

gives a pr e ’l iminary view of the ’ dissi pation problem , but the more iml)ortan t e f f i c i ency  is the one’ e’ffc’c’-

tive ’ at hig h levels , which is lowe’r because of hysteresis loss.

A tun ing  condenser is normall y added at the electrical input  of the c’er cuit to improve ’ the ’ powe’r
fac tor 0) 1’ the’ transdtec’er ’s impedance. The c irc uit  is the ’n in the form of a hand pass filte ’r . and ac cord-
ing to the theory of Mason , t m 0  it ,s bandwidth about resonance is determined by the e ’ffe ’c ’t eve ’ ele’ctro-
me ’e ’hanu ’a l coup ling factor. Specif i cal ly  the frac t ional bandwidth  ~~f ’f r  is approx mmate ’ly e’qual to the’
c o u p l i n g  fam - t o e r  !~‘ for the ’ e’lec’tr icall y tuned t ran sducer  that has a radiation load close to o l i t emt im ,
Mas o u i i  ‘s goal is to e ’xtrac ’t  the ’ availttbl e ’ power from the driving amp li f ie ’r ove’r the ’ widest possible fre’-
qu eric -y le a mid and deliver it to the radiat ion resistance’ at a fairl y o ’onstant level over the band. He’ Is

I h t s  as e’ont ’e ’rne ’d wi th  the ’ operat ing e ’ffi e’ ie ’nc’y of the ’ amp lif ier  as he’ is with the ’ transdtec ’e’r . a etd in h i t ”
sl s ’e ’e feed ht end the ’ tune ’d trt ensdo e-e ’r wi l l  present to the’ amit l i f i e ’r  an impedanc e o f  h igh-power f ac to r  and
fair ly c - omi - - l t m e  i t  magn it ode - if , ho we’vc’r . an tim p 11 fie ’r of grea te’r t han eon veil tee  m a t  c a  pac e I y is eni p ie tye ’d
th e ’mi . by a moire ’ o,r I e’ss brte te forc e approac h , it is possible ’ tO ) operate’ c ver a hand width  tha t  e’x e’e ’e’ds the
M t i s u  cii  c-ri te ’ri ecet - A de’se’ri pti~ n of this approac h will he in c’ lud e ’d in the hit e r  o l Isu ’ I Issi  i i o t ee l lterge ’ -si giitel
oc, e ’rat ion

I cew P. M as een , ‘‘ El , ’c ’ t rec m , ’e’ I t tmciuc’ te l  ‘l’r tectsohcce’i’rs  c o i l  Wave’ I” il ie’r s , ’’ ( I )  Van N ccsi  r a n d  0
_
e l  - In c’ . Nc ’ w ‘t u r k , I C  1 5 1 , ‘ li et c u t  -

cc i 2 ; i i e  23s
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For the longitudinall y vibrat ing transducer , an electromechanical  c i rcui t  may he ’ ohtaine ’d also , hut
it is more’ comp licated than the one shown for the r im ig in Fig. 6 in that it i - om i t ; mtns  transce ’ndenta l im-
pedancc’ ft mnc tm ons in the mechanical mesh rather than the lumped paramete ’r elements shown for the
nng. Howeve’r , approximations for the ’ longitudinal vibrator tire possible’ for the fre ’que ’nc ’y region ahot et
resonance , amid the circuit is than reduced to the form shown hctre . The relations hetwe’e’n mater ia l
propertic ’s and transd eec ’e’r performance are similar for both types of vibrators.

LARGE- SI( ;NAL POWER LIMITS

Operation of the ’ matercal ,s at high i ower and l imits  that  are enc- oun te ’rm ’cI wi l l  he’ c h i s u - t i sse’d i t t  t h u s
section, One problem , which may he very formidab lo ’ , is heat ing.  1 wi l l  bypass that problem liv :mssIitn ing
that the signal has a low duty cycle’ and that thc’ designer is vc ’ry talented in heat transfer de sign , , \ l s i u ,

-
~~~ it will be assumed that the operating de’pth is grt ’at enough that  cavitation doe’s no )t  have ’ to he c’oi ’is t c h m ’ e’ e ’d,

Figeere ’ 7 shows source leve’l or powe’r output  curves app licable ’ to e ’ith c ’r ele ctr ic  or ma get c ’t ic  tr an~-duce’rs. The low freqteency resonator is illu strate ’d , for which the ’ radiation re s i s t a n c e  is prop~ tt iom n ah  to
the square of the frequency. The’ same design pr inc ip les app ly to ) higher fre ’que ’nc-y t ransdu c ers , a l though
the slopes of the curves wi l l  he modifie ’d,

A stress l imi t  exists in the region of resonance ’, where the male ’r ial may fail  from frac ture ’  or fat igue.
Off-resonance , the source level is do ’termin o ’d b y the ’ maxim i tc im b loc ked f ou i ’ c - o’  tha I  may be gene ’rate’d in
the material by magnetostriction or electrostriction . This force is celt imately l imite ’d by magnetic- s~it te ra-
tion in the magnetostrictive case and by voltage breakdown in the ’ e ’ le ’ctro st r ic l i ce ’  or pie~zoe’le ’c ’tr ic ’ c ase’ .

An alternative to the concept of a l imit ing blot-keel  for -t ’ is the ’ u l m n c c u l t t  of a l imi t ing  t r e ’ e ’  disp lace ’-
ment , where the free disp lacement, is generated magne ’tt strict ivel y or elec-tro stri c ’tive l y .  This fre’e’ t h i s -
placement 

~~ 
is derived from the blocked force F~ liv mu lti p l y ing the ’ l a i t m ’r  by the comp liance ’  

~~~~~~ 
‘l’he’

stress limit h u e  has a slope that is the same as the ’ slo i ue ’ of the ’ low- frequeni ’v re ’sponse and a he ig ht rela-
tive to the response given by the ratio of thc ’ fatigue-limited disp lac ’e’mc ’nt to the free ’ disp lac e ’mm ’nt re-
sulting from the m agn etos t r im -t ic in  or elo ’ctrostriction , as shown on the grap h. I”or tt s imp le ’ t r ansdu c er
with uniform strain distribution , the disp lacement is s imply the s t ra in  mul t i plied by the le ’ngth c)f the
active matenal, Thus the maximt em free displac ’e ’me’nt mtey he related to the saturation magn e ’tostric ’tive ’
stra in X 5 :

max~~1

and the fatigue limited displac-e ’ment may be related to fatig cme stre’ss

~mtix = ~~~~

For more c’omp le’x vihrator s . s imi la r  re ’Iations hold ,

I n summary , the source’ le ’v e ’ l out of the ’ region of resonttnc ’e’ for a magne ’to stri e ’tive ’ v ibra tor  may he
expressed in te ’rms e)f e’ithe ’r the maxi mum hiocke ’d forc e , the ’ maximum freue disp lac ’c’me’ n I , or the ’ stt tur a ’
tion magnetostr ic ’tive s t ra in  7t~ - Thi s le ads to the ’ impor tan t  c o n c l u s i o n  t h a t  the u l t i m a t e ’  l i m i t  t)il s (u t l r i ’e ’
level is the ’ saturation magnetostric ’t ive s t ra in  X 5. , exc’e’pt in a narrow ban d about re’sonanc ’e ’ whe ’r e ’ the ’
fatigu e l imit  of the ’ material may lee ’ the ’ de ’t e ’rmining factor .  In or c lt ’r  for this s~it u r t e t i c i n  l imi t  to ) he ’ a
pra c t i c a l  operating l imi t , it is ne’c’essary, of c’ocer. se ’ , to have ’ a mate r i a l  ‘sv il hi  t e narrow h y s t e r e si s looti soc
that it may he’ drive ’n ne ’ar saturation without ene ’ountc ’ring astronomic’al v-altec ’s c f  hy s le ’ rm ’s i s  loss Ait-
cm l her f-actor de ’te ’rmin ing how c lose we’ can  approac h the ’ u l t imate  I)owe’r l i m i t  is the ’ amc ) t in t  cml wave ’ -
form distortion that  c-an be’ tole ’rate ’d,

A transducer that is he avi ly loaded by rad iat ion may not c’ncounte ’r the ’ st re ’s_s l i m i t  eve’n al re ’ s
nance ’. An opt imum Q~1 for power is defined as the Q~1 that  c a u s e ’ s t he ’ sI re’ss l i m i t  tend I lie ’ e ’l e ’c ’tr i o ’ cur
magnetic fore-c’ l i m i t  to he’ e’qua l at resonance ’, 115 shown by the  tangeni -v of the ’ c u r ve ’s in l-’ig .  7.  F’or
broad hand widths  we must operate’ near the’ base ccl the resonance ’ curve ’ . Note ’ that  lowe ’rim ig Q 

~ j clc u ’s
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FO RBIDD E N ,S T R E S S  L iM i T
REGION ~~~~~~~~~~~~ ,‘

~~~~~~~~~~~~
o L O G a

,

Fb = BLOCKED FORCE IELE C- OR M A G N E T I C  I

C M Fb FREE D ISPLACEMENT

Cmax = FA T i G U E ~ L i M i T E D  D I S P L A C E M E N T

Fig. 7, Source’ level curve’, showing limits caused Icy allowable’
— s i re ’ss and attaina ble’ driving force

not hroade’n the base; it s imp l y lowers the undesire ’d peak. Hence we should not he too f i rmly  wedded
to) the idea that  low ~~~ is required for broadband- The troublesome peak may he’ reduced by elc’ctncal
e ’c i t ia l iz t t t i o m i at the amph if ie’r i npu t  when design for low Q~1 is imprac tical.

In i”ig. 8 miarrowh an d and broadband operating conditions are’ compared, The source level envelope’
re ’ltre ’se’nts the powe’r l imits  shown in Fig. 7. Any chosen operating curve’ must lie’ wi th in  the e’onfines of
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SL 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ri::

B B RO A D  B A N D —  HiG H X~ C R U C I A L

/

~~~~~~~~~~~~~~~~~~~~~~~ L E N v E LOPE

F’ eg . 5 . S , , u mr mc le’veI t S I t  e’nve’ lecpe ’ with I tee ssu ble’  operat ing
re gions - I . e I rearrowband and I hI broadband

U N ( ’I . A S S I F I E I )  

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~ 
-- - - -

~~~
-

~~~-



UNCLASSIFIED OPERA ’l’iN G I’I (ANSDU CER PARAMETERS 35

this envelope . In the narrowband case ( Fig. 8 ( a ) )  the trami sduce ’r has a high Q~, and the ’ fatigue ’ o r  U r :mu - ’
ture properties of the material are crucial ,  A high .saturat ion magno ’tostric ’t ion is not needed; nickel , feer
example , should be adequate. In the example illustrated the material has a high-saturat ion magne ’to .
striction , hut the transducer operates with a driving field very mcccli below satt eration , thus  not fu l ly
using the material. Onl y rarely do transducer specificatiom is call  for such a n ar rowh and that the ’ mat e ’r t a l
is stress limited as illustrated here,

A very broadband case is shown in Fig. 8(h ) .  The’ top of the re ’quire ’d passhand re ’mains below the ’
stress limit and the achievable power is determined entirel y by the saturatiom i magne ’tostriction X5 . In
trying to synthesize a flat-topped response as shown , a number  of te o-hm i iqc ee ’s (-an he’ cesed . inc luding
adding a tuning condenser to the transducer , using inpu t  equahizc ’rs ahead of the power amp lif i er , and
using acoustoelec’trical feedback. The graph depicts the transducer ’s abi l i ty  to supp l y acoustic l owe’r
over a chosen ban d, hut it does not provide any insight into the problem of o ’xtract ing this power fro m
the amp lifier. To minimize this problem we should aim for a fractional band width no greater than the
coupling factor h , but this criterion of Mason ’s is hard to app ly because k is not constant  oveur the large ’
field excursions employed. If we exceed Mason ’s criterion , the extra bandwidth is purchased at the pr ic( ’
of a larger amplif ier , capable of supp l ying reactive power at the han d edges and tolerating impe’damic’o’
mismatches.

The discussion so far has centered around saturation magnetostriction , with some’ a t tent ion paid t I c
coup ling factor. Permeability also is an important consideration for high-power operation, The lower
the permeability, the more copper will be needed in the winding to drive to saturation f lux  density tend
the greater will  he the heat problem. Low permeability is thus undesirable. Dr. Arthcer Clark (N SW (’ h ,
however , has pointed out that when very hig h magnetostrictive strain is achieved , low permeability te ’nds
to follow and that this phe ’nomenon is required by conse’rvation of energy, Thus , high driving fields arc’
ine ’vitah le ’ .

‘I’o show that  a ve’ry high dr iv ing  fie ’ld is required to achieve’ high magnetostr ic’t ive strain (at  le ’ t is l  ii )
the rare’-earth materials),  consider a simp le transducer with uni form strain distribution amid neglec t
magnetic nonlineari ty.  ‘I’he mate’ria l is biased halfway tc) satcmration so that its operatim ig point is spe ’ c -i-
lied as follows :

- f B max H max
’
\ -electrical 

~~~~~~~

— . —~-—-
,j ;  mechanical  t

\ 9

whc’re ’ Bm~~ and Hmas are’ max imum valcies (close to saturation ) of the flcix density and field inte ’n s i ty
respectively. Equation (-I ) shows the relation between the input  and output  e’nergy de’nsit ies . P m- and
Pm ’m ’ respectively:

~ ________ 
/? “ 111ern = 

— k2  
~ 

k2  
‘
~~~‘~niax ”ntax -

‘l’he ’ o ’onverted energy P e’m is proportional to X~ and will be large if  Ibm ’  ohje ’c-t ivc ’ of a high v a lue ’  f c r  ~
has he’c’n ao’hic ’ve ’d. ‘l’he ’ input  e’ne’rgy . proportional to the LII- ? produc t , must  h~’ c’ve’n large ’r be ’c’acese’ of
impe ’rfe ’c ’t c o u p l i n g ,  e’videnc’ed by I? < 1, Be’c’ause’ the m a x i m u m  f lux  densi ty  ‘1flt m\ is l imite ’c I  h~ sat ter te ~
t ion , the ’ burden of providing the ’ large’ input  e’nergy fttll s on H. To show this explicit ly . 000’ c lOt sc ul v c ’
for “ max and obtain Eq~ ( 5 ) :

~ ~if = — ______

m ix  II “ i imax k 
~ - t - t

‘I ’he’ sl m i n  r a I l ’  en f lux  do nsi t y for the ’ rt er e ’ -e ’tert Ii t ‘d im pound ‘l It Fe’ .1 is about $20 1) ( (1 ) . $2 1 ) ; s i u  th i s  val lie u
a long wi th  the ’ othe ’r l)rope ’rti e ’s t a n  he ’ s c i h i s h i ( c i t e ’ o l  into ) I’al, ( 5 )  Icc  dete ’r m ine ’  what  c- n i n e ’ s ci f d r I v in g  f ee ’ lcI
tire ’ red lti i re’d by tin ’ c c i  nse ’rvat ion of e’ne’rgy I in n c i  p Ie. ‘l’he’ re ’st i Its c i f  the ’ c i i  Ic ’  t i  I t t  l i e  in ire ’ i ne ’l ude’cI in the ’
3d t ’ol ci mci of ‘l’t i h Ic’ I - ‘t he ’ tab le sIt ci ws magne ’t ic fie ’lds requ i reel to achieve so’ leo’t e’d high-s  I rti in t I  i i i  ic ’ s
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TABLE I
Electric and Magnetic F’ields Required to Generate Large ’ Strains

ThFe 2
PZT -4

Peak-to .Pe’ak rms Electric Pe’ak-to-Peak Magn etic
Strain X Field E 3 Field H m~~
(A < A 5 ) (k  = 0 . 7 )  1k = 0.4 , Bm~~ = 8200 G )  Permeabi l i ty

( kV/ c’m l —

Oe 101 A / r n

333X 10 6 4 a670 a 5 3  12
1)1 ,600 b 13

900X10 6 11 a4,800 a38 1.7
b4 ,800 h38

aCalc u lated
bMe.asured

and compare s TbFe 2 with  PZT-4 ceramic. The coup ling factor approp riate to large-signal drive was
assumed to be somewhat smaller than the max imum value measured under small-signal conditions for
‘I I i F m ’ 9 . ‘I he gross permeability (relative to that in free space Uo~ 

corresponding to the ma v imum H
values is shown arid is seen to be very how , as calculated from the’ e’quation

P Bma~

‘I’he ’ c - a lc - c i la t i ons  arc’ of value ’ in showing the inev i t ab i l i t y  of the high dn ivim ig fields , hct t  more ’ ac curate’
iiumh e ’rs arc’ obtained from direct measuro ’mc’nts. The c’alc-cil ate ’d H f c r  900 part pc’r mil l ion (ppm )
s t r l u i l  agree’s wi th  the ’ me’a.sure’d value , but the ca lc u la ted  H for 330 ppm is low by over a f a c t o r  of 2:
th i s  is probably because the flux density at this strain is not near saturt t t io ii  as was assumed , ,\ll the
nc emhers , whethe ’r c’alo ’ulated or measured. conve’y the ’ same imprc ’ssion of very high magne ’tic ’ fic ’lcl s,

PZ ’l’--I will produce the 330 ppm strain at an rms driving field of -l kV~c-ni ( 10 V / m i l l .  wh ich  is a
value often used by designers , although it is considered by some to he’ higher than de ’sirahle. l” c r
900 ppm strain , 11 kV/ cm is required. This is much hig her than is use’d in It rac t iod ’ , bat  it has he’e’n
sugge’ste’d by Be ’r lenc ’ourt I i  tts a possible ’ driving field. To use’ this fie ’ld would require ’ tht i t  m u c h  more
s l u i c e ’ lie ’ de v o t e d  to ins e mla t ion  than is ne’eded at prese’nt , Cooling of the ’ c-e ’ramk- would be’ a pr ohlc ’rn.
and low c l i i i  y c y c le’ would he’ a nec ’o ’ssity. ‘l’he analogous probl e’ms in using ThI” e’ ,, let 9 ) ) ) )  ppm st ra in
wocild he’ providing room for the great volume ’ of conductor  that wo ) t el d he ne ’qceire ’d and -oo h in g the ’
wend ing  te i l ( l  c-ore ’ , N m i  t h u r the ’ PZT ’--l nor the ‘l’bl” ’9 de’sign task would he’ e ’:t sv , btit if  a rc ’qt i ir e ’me ’nt
1cm e ’xt ra ord mnari l y hi g h-~eo we’r c l e ’ i t s i  l ie ’ s  we’re’ to ari se ’ , the ’ dc’signe ’r woul d h ave ’ I i u  de ’c ’icl c ’ w h i c h  is  the ’
le sse r e ’vel : p rov id ing  inscilation to con ta in  ele’c-tric fields of ii k V fc m  or ~tr ov ic li t ig conductors to
ge ’ne ’rate ’ n , agne ’t iu -  fields of -1800 Oe (3.8 X 10~ A n i) .

Sh o iuld we’ rc ’:ell y he ’ c-one-c’rn e’d ahocit ach ie ’v in g h igh-pc wer d e ’n si t ic ’s . or can we’ get along nic - e ’ l ~’
us ing nie ’ke ’ l  fo ir sc - ru  ci Is and U sing i’ZT at 2 t o  3 ky / c m for c)thc ’r con f igu ra t i ons ’? H aving been , for 25

‘II  rs - on I.h.~ ne ’e ‘e’ vi n g e’n d of re ‘I I t im ’ s t s for Ic ‘ss we’i gh t . Ic ‘ss vol time ’ , tend more ’ powe’r ( te l l  tic ld in g U p t om
mc c re ’ w I l t  I s -  k i l u e g r a m n  I the re ’ has l e v e r be en any  doubt  in my m i n d  tha t  we ’ ne’e’d gre ’tetc ’n peiwe ’r u l m ’ n s i l  u s .
He it Ih e ’r e ’ l ere ’  c e l l a rs whc m are ’ I ere ’oc ’u - i ep i e ’d with some’ o f  the l i m I t e r  l u r e ’ s u ’ t l t  sy s t m ’ i i i s  tend arc ’ soc we ’ll sates -
l i e d w u i h i  t h e ’  r u ’~ i u I t s  o l e t i i i e i c ’d  that (h e ’y sc e nt l iei7.zk ’d by a t t i t u d e ’ s  s c i u - h  Its  mine ’ . I c c  nv  toe  re ’st an

u l c u t u l u l s  i h t i l  ni~e Ie ’ r i te l s  re ’ s m ’ ; i ru - h i e ’ r s  n i igh t  lie ’ e’t igaged in t i i t u t u u - e ’ s s l e rv  e ’ i t c le ’t evt i r s. . I have ’ hi ste ’c l  stflfl e ’ l u e ’ r l im ic ’ n l
q u I l l  - a l l  u c u s

I I,e, p ~~~~~~ ed ‘ l ’ l u \ 5 I u - ~u )  \ u u , ~~s~~u ,‘‘ l i \ e’,m cle ’n i u e ’  I’ r, ss i~ c u - - ~s u - a -  \‘u u u - h I e m I ) ,  \ , I  1 , l’ e r i  ,\ . p. 2 u u .
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• Long range survei l lance might  use ’ 50 tons (- 15 Mg ) of magne’tostr ic’tive material.

• Scihmanne ’ add-on syste m spac e , if n e) t we ’ight , is ve’ry l imited.

• ‘l’ctwe’d active ’ systems and variable ’ depth sonar require low drag, sometimes neutral buoyt i it cy.

• Air-transported systems su ch  as active ’ sonobuoys , and di pped sonar must be light ,

• Systems o’onstrained by e’je ’c -t ioii h u e u r t s  must lass through torpedo or signal tube.

• Vo’ry -low-fre ’o 1ue ’nu ’y proje ’e-Iors have ’ poor rad iation loading; therefore ’, high demands are put on
the ’ material.

For the’se’ appl icat ions , powe’r densitie ’s will  probably never he high e ’nough to mako ’ the transd ue-e ’r user
lose’ interest in further gaim i s , provide’d they are eiot exorbitantl y priced. Long-range surveillance , em-
ploying large high-powe ’r arrays . may someday come to life again. If it does , reductions in the weight of
the transducers will ease’ dep loyment and maintenance problems. Transducers to be added to submarines
have volume restnctions because spaces outside the pressure hull are limited and drag increases must be
avoided. In towed systems, restrictions on both weight and volume limit the performance attainable
with c’onve ’ntiona l materials Air-transported systems will always benefit from less weight if ac comp lished
with no decrease in per formance. Systems planners are continually coming up with ingeneous schemes
for devices that must be launched through torpedo tubes or signal tubes yet have impressive sonar per-
formance. Very-low-frequency projectors normally are required to be much less than a wavelengt h in
deme ’nsmons. Therefore they have low radiation resistance and require large magnetostrictive or electro-
stri e-t ive ’ cli splac-eme ’nLs to radiate sign ificant power.

It is conc luded  that the search for materials with greater power capability is indeed justif ied.  At
the ’ same’ t ime it  must  he rec ognized that the transducer designer has a very demanding list of prop erties
tha t  c he ’ mate ’nal must possess before it will disp lace existing materials.
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PROPE RTIES OF CONVEN T ION A L MAGNETOS TRI C T IV E MA T E R IAL S
FOR USE IN UNDERWATER TRANSDUCERS*

Charles M Davis , Jr.
Nava l Research Laboratory

Washington , DC. 20375

ABSTRACT

The proper t ies  of conventional magnetostrictive materials are presented and
compared. The criteria considered for compariso n are (a)  the ability to transfe r energy
between the electrical and mechanical systems , (b) the open circuit vo ltage produced by
an applied mechanical pressure , (c) the maximum power-handling capacity, (d) frequency
limitations caused by eddy currents , and (e) ease and expense of fa brication. The mail’-
rials discussed include nickel , 2V.permendur , A lfeno l , the permalloys , a Mit-Co-Ni alloy,
Co-Cr-Ni alloys , and various ferr ites.

INTRODUCTION

Prior to 1946 , n i c k e l . 2V -permendte r . and -15 permalloy wero’ the onl y magno’tostri c ’tive materials
available for t r ansducer s . 1 (Ac tua l ly ,  in 1943 the Japanese began to use hot rolled Al-Fe alloys . hut  be-
cause of the war did not publish this in fo rmt it ion ,)  In 1950 Sussman and Ehr l io ’h2 re ’ported on the ’
transducer prop erties of an iron , cobalt , and c h r o m i u m  t i l loy named “hlip erc -o , ” In the same’ \ ‘c’ar
Alt isumoto and Otomo 3 licibl ished information about the ’ dynamic magnetostrictive properties of an
,-\l-Fe alloy name’d “Alfer , ” In 1953 Nachmtin and Buehler 1 developed a method of warm-rol l ing  Alle n
below the c rystal l izat ion temperatcere Alloys processed in this  man mie’r are essentiall y ‘‘ c’old-ro lle ’d ’’ and
therefore exhibi t  grain on ie ’nt at iomi . ‘I’hey tire ’ referre d to as “Al feno . ” In 195-1 the dynamic’  magno’to-
stni ctmve activity of these alloys was investigated by Davis , Ro be’y, amid Ferehee, 5 . 6 lit 1956 l)avis .
Helms , and Fe’re ’hee 7 ’ ~ inv o ’sti gato’d the Ni-Fe alloys c ’o)nta ining from 35% to 6 7 5~ iih’kc I ( ln ’rma lloy s I.
Clark reporte ’d on the dynamic magnetoistr ic-tion of N i - ( ’ uu alloys in l956~ and the N t -t o-f r t tllc ys in
1961 10

A variety of magmte ’tost r i c - t iv e ’  fe ’rr it e ’s have’ been comisidere ’d, ‘l’he cohalt .suhstitute’d nic kel ferrite ’s
were imive ’sti gated at the ’ RCA Labort eto ry ; 1 I the ’ Phi l i ps Re ’se ’anc ’h Labor tctciry ; 12 and e ’Ise ’where’ . i ~ ‘l’he ’
e’f fe’ct of re’p lac ’ing a port ion of the n i c k e l  by fc ’rr ocms iron wa,s de’sc’ribe ’d by [)avis tind Fe ’ne ’be ’e ’ . I I . i Ti
K ikue - he  16 considered the Ni -Zn  and Ni -Cc i fo ’rnite syste ms . (‘ . \1. Van den Burgt and A . L. St t i ij t s ’7 es
w m ’l  I tes Bro i’kman ~ have ’ de ’sc -ri he’d ti m i tem he ’r  eif  mt ig ne ’l c u s l  r io - I  I c e ’  fc ’rri l c s .

‘l ’he i’ane’—e ’arth iron ti l loys m u  rre’n t h y  be ing c i  I ns t  de ’ne ’d tire ’ t i  si go i f i t - a n t  t i e ’ cv u - hiss of ma gtt e ’I l u s I  ri l I v e  -

materials . ‘l ’hm ’ miom c ’n c ’ltetter e b eing cesc’d to de ’s i ’nh ee ’ lI lt ’  l i r cu l s ’r l ie ’ s  of the se ’ t e l l ou  .s i s e ’c~~i s t s t e ’ n i  w i t h
e ’xist ing IEEE standards on pie’zoe ’Ic ’c-tnc’ c rystals it )  and diffe ’r s from that use’d in It t ’fs 1 — 1 7 .  lii  the ’
next sc ’c ’t ld )n , design u-onside ’rat ions are’ disc ’usse ’cl in te ’rms of both the ’ old tuid th e’ ne ’w n om e ’n e’l t i t t i r e ’ .

To e’val mite ’ mtegnc ’tostn i c’t mve ’ mate rials , the ’ feel  lo wi ttg fac to i’S wi l l  lie’ c c i  us ide ‘re d : ( a I (he ’  a hi l i t  v i c m
t ransfe r energy between the ’ e ’Ie ’c -t n c’ti l  anel me ’o’han ie’ a I syste’ms . I h I  t lie ’ ee lme ’n t ’ i rc’ r ei t  vcdta ge ’ h ir oelemc ’e ’ d by
ten al)ph ie ’d m e l  -han it - al  f i rm ‘ssc i re ’ , I c ) the ’ m a x i m u m  power-handl ing e ‘ti pa o -i I y - Id I fre ’q eien e’y l imi ta l  io cn s
c’acesed by eddy c’urre ’nt s , tind (e ’ l the o’ase and e’x l~~’ils~’ c ef f t ebr ic - a t ie ,n ,  ‘Fbi ’ re ’l ative ’ i m l m e m n l a n e e ’ i i i  the ’
fa m ’ i. ours de’pe’nds so me ’what omi the ’ a l ip l i c ’t i t i c ) n .

~Pre’se ’nte ’cl l e t  i b m ’  W e e r k s h e m p  den  M l e g e u i ’ l i u s i  rcc’ius,’ M,m l,’ r cl m lu. h e - h I unole’r i l t e ’  s i u u u , u ’ . u u r ’ . t u c  ‘ c u t  I l i e- Uite l ” rw ue ie ’ r  Se ,cm n,l \u ls 1 5 , u c \

I ;rotmp inch i he’ N.c~ - . c t  Re se a r c h  I.at,eer~il u t , ,- . Or t , u u u o l c u  l ” ieer io l le . 2 i u —  ‘ic ; I” m ’ t , r u m , u r ’ , I

I Se e’ re’t ’e’ re ’nc ’e ’ ) u s l  ci i i  page’ 51 .
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A magno ’t o stni e’t tv o ’ niate ’ni al . whe ’n subjecte’d to a c hange ’ in m a gm i e ’ tmc ’  stato ’ . undergoes a c hange ’ in
mec hanic -al state om r visa vc ’rsa , ‘l’he mathematic al approac h use’d un t i l  r e c e n t l y  c ’ x j u rm ’ s sm ’ c l  the ’ c hange ’ in

- 
- 

stre ss T and niagne’tec ’ fie ld 11 that resultc ’d from a c hange ’ in magne tic - i i t c l t em ’ t  cc i i  B am i d me ’c ’h anie ’al sh~m i  me’
S y the ’ diff e ’ro ’mt t i a l  no ’ha t ions

dT = (~Jj ) dI3 +(4 ~’) ds 

1
dli = (~ ) dB + (~ ) dS 

I

wh c’ re

(~~, = - - ~
,

=

12 )
— 1

\a B1~, P r

tam

‘h ’ho’ symbol ~ is the ’ “so-called” dynamic magne lostric -t ion c ’on st tent , E ,3 is the ’ Yocing ’s \ l o x l t i ! us  at c on-
stant B , and Pr is the ’ blocked or reversible permeabili ty ‘I’he ~tres e ’nth y t idopted nome ’no’ h at cmr e c-t tn he
de ’fino ’d by the ’ relations

dB = 
r 

dH + 

~~~ 
dT 1

(3)

dS 
(

~~~~
) dli + (

~~~~) 
dT J4H 7.

whe re

f d B\ f u ~iB\
= P7’ ’ 

= (/ ‘

‘ I )

~~ — -~~._ (
~ \

\c) Hi . 1 
— 

- h r  ‘ \~) ‘J ’/ 
—

‘I l ie ’ symbol p ’! is the ’ pe ’rm e ’abi lity at const t ent  ‘1’, d is e ’ffo ’e ’tive ’ pie zomagn e ’ti c- s Ina i  i t  c onstan t ,  and ,S~ is
th e ’ e’ la ’, t m c - c-o m l e h i tene ’e ’  tel c’on stt ei i t  I I ,  ‘I ’he ’ ‘ h r  ( h a l  tt l) I)e ’t ii’s i i i  Eqs. ( 2 )  and ( - I ) is the ’ re ’stel t  ci f the  cisc ’ oil
the ’ e ’m t m ~ V s h m ’ i i l  me l  u n i t s . Solving for dB and dS in Ec i . ( 1 1  and c ’omptt ni i ig  w i t h  Eeis. (2 1 ,  ( 3 ) ,  tUl d i (-1 )
~‘ te ’ Iu I~ t h e ’ f em l lo w ing  r m ’ t t i i c c i i i s :

P 1 = 
Pr 

, ( 5 )
1 !~~‘~

( 1N ( ’I .A SSIF IEL )
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1 = 1 
( 6)

E13(1 - /~2 ) ~~~

4 trAp- 

- d = ‘
~~
‘
~~~~~ 

= 47TA Pr S”

where E 11 is the Young ’s modulus at constant H. The electromechanical  cocep ling c o e f f i c i e n t  k , gi vm ’t i
by the e’xpression

4irA 2 p A 2

J~2 = 
r = (8)‘ E~ .l trS H pj

is the c most important sing le factor used to characterize magnetostn ictive materials. For a sample ’ ~, .‘o’ Iv
vibrating with no losses or radiation , it  can he shown that  k2 is either the fraction of the stored magn etic
energy that is converted to mechanical energy or the fraction of the stored mechanical  e’nergy that is
converted to magnetic : energy. 2

To optimize hydrop hone’ performance , it is necessary to maximize the open circuit  voltage resulting
from a change in stress, Because the induced voltage is proportiom ial to the magnetic ’ f lux change ’ , the
parameter d provides a criterion for the evaluation of hydrophone materials. (See Eq. ( 4 ) , )  l”or conven-
tional materials , E 11 remains constant to within a few percent. It follows from Eq. ( 7 )  that AP r represe’nts
an alternate figure of merit for h ydrophone performance. In the case of rare-earth iron alloys , E 11 chaiige’s
by more’ than a factor of 2 with magnetic bias , and Ap r canmiot he used to rep lac e d for hydrophone
evaluation,

Se’vo’rah processes con t r ibu te  to a c hange ’ in magnetization : domain-wal l  motion , nucleation of
domains of re’vo’rse ’ magne ’tization . and rotation out of easy dir c ’c-tion . 20 Pro -esses such as 1800 domain .
wall  motion , white - l i  pre dominate ’ on the steep portion of the ’ magneti zat iom ’i c urve ’, ac-c ount  for only  a
small portion of the ohse’rve’d magn e ’tostnic tion . 2’ In this ro’giomi a givem i change  iii fl cix prod cmc’e ’s ve ’ry
little c’httnge in stre ss amid thcis  results in a small value of A . Rotatiom i out of t ’im sy d i r ec t i on  is the ’ me’e’h-
anesm th i :m t ac c ounts f o r  the ’ major portion of the magnetostrictive effo ’ct. For the mat e ’r iah s listed in the ’
introduction , this me ’chanism predominates hetwe’en the knee of the magnet i -iat iomi curve ’  ami d satceratio n
and ro ’sults en a large ’r valuo ’ of A in this region. On the other hand , the value of Pr de’cre’teses when rota-
tions ocit of t h e ’  e’asy direction predominate. Be’cuuse there is no sharp divisiomi in the ’ re ’gion who’re ’ om ie ’
or the other of these’ me’c’hanisms oc cur, the valuo ’ of A would he expected to increase am id P r to de’e-rc ’ase ’
o-ontmncioteshy as saturat ion is approached, This is in agre’eme’nt with the re ’sults shown in Fig. I for
ni ckel, In the same’ fi gcere’ the’ variation in Ap r wi th  bias is shown. A similar curvo’ is c ’x lee ’c ’te ’d 1cm d.
On the basis of the ’ ohse’rve’d variat ion oil A and P r~ 

i t  is possible ’ to exp lain the’ maxima that cit- cur as a
f u n c t i o n  of bias for /~~2 is we ’ll as A Pr ,

4OH~~~
L 

/~~~

- 

~

( X j  T O’ 5 , 11 1 ,  a ‘,‘ (1(1 I

H (i tmLiSSI

I” ug .  I - V ; eru m t c , e i u  ee l  la p , , c u d  lap , w u t h  rncegu t e ’ I i c ’  i e i o t u o ’ i u i e n
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The maximum output  lt owe’r that a magmie ’tostrim ,-tiv e ’ material is c’a ltt ebl e ’ o)f providing is gtve ’n hy the ’
expression I

- 
Q,1~T~~~wX  iø~maximum power 191

where w is the angular fro ’quency, Q01 is the mechanical Q, and Tmax is the m a x i m u m  stre ss. U sing the ’
expression for A given in Eq. ( 2 ) ,  the ’ value c)f Tmax can he determined from the ’ area under the A cc ’r s c is
B curve such as in Fi g. 1. The resulting expression is

Tmax = A dB , ( 1 0)

Becau se Q
01 and in most cases w are determined primari ly by the transducer design and not by the

rnagnetostnctive material used , the power developed in a magnetostrictive material is proportional to
T~ ax / E B. From Eq. (10)  it is seen that the maximum power achievable is determined not onl y by A
but also by Bm~~.

Final ly ,  the power-handling capacity of a transducer is , from a practical standpoint , often limited
by both the r esultant heating and ease of cooling, The latter is less of a problem for magnetostrictive
alloys than for ceramics hec :ause of the large thermal conductivity of metals . For convent ional  magneto-
strictive alloys , heating results primari ly from eddy’current losses. This may miot he the c ase’ in rare-
earth iron alloys ol)erato’d in a biased state where copper loss could predomim m ate ’ . The frequency at
which the skin depth be’o’omes equal to ~~~~ times the lamination thickness I is defined as the ’ c’hanac-te ’r-
i s tj c  frequency f ~. The product f~t 2 is given by 1

,, lO9 p,
= , e I I I )

2tr2 Pr

where p~ is the electrical resistivity in ohm-c entimeters and I is in c’entim e ’t ers , ‘En s imp li fy  fteb r ic t i t ion .
it is desirable that f ~t 2 be made large . The value ’ of p~ 

is e ’ssentia lly a c onstant  of the m&tte ’ni a l while ’ p~
is strongly influenced by processing, construction techniques , and operating condi t ions .  ‘l’hus for a given
value of P~~. to i ncrease f ~t 2 , it is ne ’cessany to redtec’e Pr ’ This , however , de’c- re’ase’s the ’ value ’ of t tuid
AP r, and d , thus processing is a tradeoff. The aim is to achieve as large’ a va lud ’ of A as possible while
settling for a value of Pr that will provide simultaneously su f f i c i en t l y It irge !~. Ap ,,. d , and f~. t

2 ,

EXPERIMENTAL DETAILS

‘I’o determine’ till the ’ parameters in Eq. (8) .  it is necessary to t  me ’a stene ’ at he ’ :i s t thre ’e ’ of t h e m  imide ’-
p endently.  The’ most convenient  to measure’ are P r ’ li1.  and Is , For t . ore uiol a l  samples o s c i l l a t i n g  in the ’
radial extensional mode , lumped parame’te ’r techni ques may he’ e’mploye ’d. ‘l ’hi c ’ I hi i ’e’o ’ l t t i r ame ’Io ’rs c’an lie ’
determined by the motiona l-impedane ’c’ m ethod. I This u ’ t i i i ~ t s t s  of me ’asuniiig the ’ e ’l e ’e ’t n ic ’ah im lte ’dla mi c ’e’
versus frequency. The mechanical imp e dance ’  appears as an added ehec ’tn ic ’a l im t s ’d t i i i u ’e ’ at t h e ’  im ipu t
termina ls, For the e ase’ of large Qm the ’ various elec trical , mttgne ’tic ’. amid me c’h tinic’ te l parame’te ’r s t a n  lie ’
obtained from the impedance locus, The total impedan ce in air of a 12.5 .-\ l fc ’no h r ing s l t i e ’k i .s sh t e i w i i  in
Fig. 2. (The numh e ’r prece ’ding Alfe ’no l refers to the ~ie’nc ’e ’ntt tge ’ of a lu m i i ium.  I ‘l’he ’ value ’ eif P r t ) l ) t t i i i i e ’ c l
from the blocked (or e-lampe ’d ) r eactance ’, ( .V h ~w ee me’asune ’d at r e sonte nu - e ’ , is give ’n by I he ’ t ’x } u r e ’ s s l u u i i

(~“ (, ) w~a X io~p - ( 1 2 )r -l trf 0 N — b t

wherte ~ is the ’ resonant fre ciuenm -v in hertz , N is the ’ n t in ibe r  of 1 t irns , b is t he w a l l  I b it  k i t e ’ s” , mi is l iii ’
mean radius , and ~ is the ’ he ’ight. All  dimensions tent ’ give ’n in c’e ’nti me ’te ’r s . ‘F li e ’ c ’ x j u r e ’ s si c in  fe i n K 11 is
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where’ p is the ’ densi ty .  Using Eq. (6 ) ,  E 11 is obtaine’d frc m l ’.’p .

Subtracting the bloc ked impedance 1? h from tho’ total impc ’dant ’e’ !?~ y ields the ’ motional  impe dance ’
shown en Fi g. 3. ‘t he’ o’ffe ’c’tive electromec hanical coupl ing  c ’oe ’ffi t’ io ’n t k0,~-~ c an be’ c ’tehc -u la t e ’d frc u m t h e’
r eh t t t iomi

___________ — D 
11

I - I ’— 
— 

(X ~~ ) ca’It Q ,~ 
I -

where ’ I) is the ’ diamete ’r of the ’ mot ionul  impo ’dano’e circle ’ timid
-

~ [0Qr n 1  12

In  the ’ c ase’s c’o riside ’re ’d ho ’re ’ , k e~ff tend k are e’ciual to w i t h i n  a few perc ent ;  vaRies of Is ne ’lio nte ’ol s i t h  I s m - -

qem ent l y tire ’ in rea l i ty  ‘~e’ff ’ Finall y, the valt ee o)f ~~ 2 can be o) b t t eine d from the ’  angle lag ~s - The ’ n iot i c inal
impedanc e circle ’ of -ID pe ’rma hloy is shown in Fig. -l - Imi  this case e ’ddy-c ’urrent losses arc’ more’ si gn i f i c a n t .
as e’vide ’nced by the ’ large r value of ~~~.

Wterm ro l l in g  a l c em mnum - i ron  alloys below I lie ’ r e c’rysta lh izt i t ie rn t emlto ’rt etu n e ’ ne ’sti lts in grtein c ) ni e ’m it te t  i d e i i  -

F’urthe ’rm ore ’ , when alloys in the ’ rttnge fre m 10- to 20 ’Al fe ’iio l ttr e slow cooled , the ’y fc tn m i ten o rde ’re ’cl
struc ture. Qeie ’no ’hmng from above’ 600 °C y ie’lds a disorde ’rc ’d struc ture ’ . The ’ magne ’tost n ic -tiv e ’ :tu - t i v t l y
tssl  le i t i  te ’d l wi th  the ’ ordere ’d phase’ is greate r thten wi th  the ’ disordered. ‘I’he values of k e, ti at c) l ) t  i mum
polari zing fie ’ld , de ’segn ate ’d here ’afte ’r as k~ i.ex , i ’c rre ’spondi ng to the ’ onclene ’d phase ’ tine ’ shown ii i  Fig. iae
and liste ’d in ‘I’ te hle ’ I - ‘I’ he ’ e’orre’s~iond ing vtt lue ’s of the )iarame ’te ’rs for the ’ disorche ’re ’d l cht es e ’  term ’ te l s i i  in-
c-ludc ’d en ‘I’ahle ’ I - ‘l’he largest valu e of k ri ax for the ’ o,rde ’re ’d phase ’ is t) , 3() I for 12 ~u Al fen e ,l 1 t end for the

- 

‘ 
disordered i tht ise ’ is 0,12 ( for 13.8 Alf e ’no l ~

, ‘l’he highe ’r vt elt mc ’s of ~~~~ obse’rve ’d for th e ’  ordered phase ’
p -, re ’suht ma in ly  from the higher  vttlu e ’s of A. VaRies of A. Pr ’ timi d APr are ’ p lotte ’d in Fig. 6 for t h u e ’ ordered

phtise’ . Comparisons hetwe ’e ’n Pr t ind p ’C” and betwe’e ’n A p~ tin d d are given in Figs. 7 and 8, r e ’sl s ’e ’ti ve ’l y -
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In both cases qualitative if not quantitative agreement is observed, Value ’s of the se parame ’ters as we ’ll  as
the corresponding modu l i are given en Table I for these’ and other magne ’to stn ict ive ’ sy s t e m s  c c c n ’ . i d e ’ r m ’ e h .

The variation in k mss with nickel content for pe ’rmalloy is shown in I”ig, 9, The ’ pe’ak valu e ’ is
0.376 and occurs for 40 permal loy. A second maximum of 0.35 is observed 1cm ap l) r ox ima te ’ly 50
per n-ialloy, The maxi mu m value of APr occurs for -12.5 permal loy as shown in Fig. 10. ‘l’he’ large ’ de-
crease in k max for samples with less than -l0~; nie ’ke l is caused by the ’ ra l)md decrease in Cut-me ’ te ’mlx ’ra-
ture in this range (30 permalloy is nonmagnetic at room temperature). 20 The’ other large ’ dec-reuse ’ in
kmax. which occurs for samples with more than 52.5% nickel . appears to be’ assotciated w i th  the ’ s t r a i n
sensitivity of these alloys,

In 1950 , Gaugle r 22 investigated the effect of tension and magnetic am u nea l ing  on the ’ Ni -F e ’  s e ’r l m ’ s.
l-h s results indicate that applying tension to the’se’ materials in the ’ range from 3(l’ to ) 52.5 ’ nickel  align s
the magnetic domains per pendicular t i m the direction in which the te ’ns io)n is applie’d . whi le ’  in th i e ’  region
from 52.5% to 85Y1 nickel , the tendency is toward parallel align me’nt Because of the ’ magne ’t ostrictive
effect , the application of a static’ magne’tec field to N i -Fe ’  alloys in the’ region below approximate’Iy S0’

- : nickel produces a stress in the ’ direction of the app lied field , and in the regions above’ 52.5’-~ nickel t h i s
stress align s the magnetic doma,is in the same direc tion as the field - A change in mag iie ’tizati on. suc h as
would acco mpany an ac field ~- .nposed on the dc field and in the same direction would the’n he

04 0~ - - - - ~~~~~~~~~~~ - - 1
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~~~~~
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caused in large part by the’ motion of 1 80 (’ Bloc-h walls. 23 Bec ause’ 1 81) - l3lorh w a l l  motions prodeee-e
nc~ change en strain , the ’ value of k mss sh ould be small.

Both the rapid cooling and magnetic an mi e ’ah imi g of N i- l ” e’ alloys en the ’ range from -l t Y to 52~~~~~ -

nickel resulted in a slight lowerieig of the value of k mimx , the greatest decrease being about 10’4 - For
a materials having greater than 52,5~ nickel , the effect of magnetic annealing was more’ pronounced. ‘I’he

greatest effect was observed for 65% nickel , in which case k m,~ was reduced to such an e ’x t e ’mi t  that et
could not be measured. Magnetic annealing raised the ’ value of the m a x i m u m  permeability by a factor
of 70. Because no grain orientation was observed , a possible explanation is that of domain e)ri ( ’ntat m on ,
In such a case the primary magnetization mechanism is 1800 Bloc’h wall moteon . and a considerable’ re’-
duction in 

~ max would follow. This is in agree ’ment with the’ observations. ‘I ’hus a possible exp lanation
of the dec-reuse in kmax and AP r above 52.5% nicke ’l is the occurrence’ of domain orientation produce ’d
by the strain associated with the dc bias .

The value of 1
~ max corresponding to various cobalt-chromium-nickel alloys is shown in Feg. 11 -

Peak value of 0.5 is observed for the 4 5 ~~ cobalt-nickel alloy. Chromium’n ickel alloys exhibi t  a pe ak
value of approximately 0.37 for 2 2 %  chromium. A ridge of high values of u max occurs along the dotted
line joining these compositions. Clark 10 suggests that this is caused by a min imum in the magnetoc -rystal lmne ’-
anisotropy constant along this tine. Addition s of chromium increase the electrical resistivity pc-, as shown
by the dashed lines in Fi g. 11, An addition of 1’~ ch r o m i u m  lowers the Curie’ temperature ’ approximate ly

• 50°C, whi le  a 3% addition of cobalt raises the Curie temperature by the same amount .  Using the ’ values
of 1

~max ’ d , and Pc’ given l)y Clark ’0 for the alloys indicated as dark circles in Fig. 11 and taking c-L 11 t o m

he’ 2, 18 / 1012 d yiie ’s c m 2 . the various parameters given in Table ’ I were calc’ulate ’d. The - 1 1; Co alloy
exhib iLs  a value of d comparable to 40 permalloy I-cut le ’ss than 11.7 Alfenol  and might  there fore’ lie ’
su i i t ~mh Ie ’  for h ydrophone app lications . A s c i a n  be so’en by Eq. 11 ) ,  the large’ value ’ of 

~ r results in a ve ry
small value for [~i 2 (one - f i f th  that of 4t) pe ’rmalloy and one-tenth that of 11.7 Al f eno l t  and woeild i i e ’ c e ’ s -

s i t a t e ’  the use’ of th i ii lamimiations for high-frequency operation. Clark suggests that the ’ I - l ’  (‘c c  am id
2. :; ’; ‘r alloy, he’causc’ of the large’ value of /t and pr, . would he’ more sui table  for u se ’ en l u m g h - f r i ’ o 1n e ’ n c -y
t r ansduce r s .  I lowever ,  this sugge’stion is not born e out b y  the data in T~mhle I where ’ the ’ value ’ of / , (~~

for ih i s  alloy is se e’ ]] to ho’ le’ss than that  of 2V-pc ’rmc ’ndur , the permal loys. and the’ Al fe ’n ol s .

Van de’r Burgt ’ ~ investigate ’d the ’ dynamic -  magnetostr ictive pro lx ’rt ie ’s of c -cmb a lt-sub st i t e t t e ’d n mc’ ke ’I
ferrite’s, ,-\s in  the ’ c ase o) f the ’ Co-Cr-Ni alloys disc ussed , the e ’ffe c-t of cobalt ci i i the’ ma g mie ’t os t r i e t iv e ’
prope ’rtie’s is apparently associated with i t.s e ’ffe ’o’ t on the c rystalline ani sotropy c onstant  - The fir st-orde r
anisotropy c onstant  of cobalt ferrite ’ is known to he large and positive . while ’ that  of nic kel fe ’rnte ’ is

ne ga t ive ’  and approximat c ’l y an order of magn itude smaller ,  Consequently, by adding a smal l  z imo tc ent  of
c obalt ferrite ’ in solid so lu t ion  with nickel ferrite , it is possible to produce a ferrit e wi th  an ae imsol r op y
o ’u mi s ta mi t of zero, At room tempe’rature this c’omposition is obtained when approximatel y 2-1 2 .  of

the ’ n i c kel has hee’n rep lac ed by cobalt as shown in Fig. 12, Ferebee and Davis ’ ’  e’o nside’re ’(l the’ e ’ffe ’e ’t
of divalent  ion seebst i tu t ion on these ferrite ’s. ‘I’he’ result ing value of k max is shown in Fig. 13 for both
slow-c’oole ’d and r 1oi e ’tu’ he ’d samp le’s containing 0, 1)27 mole’s of Coo ~e’r mole e)f ferri te ’ . The ’ val cee e) f
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k max reached 0.36 for quenched samples containing between 0.05 and 0, 06 mole of Fe’(.) pc’r mole of
fe rrite. Other relevant parameters are given in Table 1. ‘I’he values of f e.t 2 exceed those ohtained w i t h
conventional metallic alloys by 500 tc 1,700 times. ‘fhere fore , t ransducers constructed of these’ ferrite ’s
could he operated at frequencies in the me ’gahertz range without excessive eddy-current los-se’s, .\s a
c l ass , however , the ferrites suffe r because of the tendency for brittle fracture to occur.

Brockman 18 has investigated the’ ferrite ’ se ’rie ’s (N i 0 q Zn 0 )~ 9o .x Coz Cu o Fe 204 .  These’ ferr i te ’ s
exhib i t  value ’s of k max versus temperature ’ that  peak , presumably bec’ause of the net cr y s ta l l ine ’  a n i s c i t r o p y
going through zero. ‘l’he results corre ’spcniding to x equal to 0,024 are shown iii F’ig. 1-1 . By sand-
wiching two diffe rent compositions in this serie ’s wit h peaks at 50 and 1 8”

(.
’

, an ele ’me ’iit was prc educ’ e ’d
that  exhibited a value of k mss equal t i m  approximately 0.3 from 00 to 2(l ° (’. as shown in Fig ,  15.

Various parameters e ’xhibite ’d by the ‘lb 11 3Dy0 7 Fe’2 alloy 24 are’ given in ‘l’ahle I for the ’ pti rpc> ~~ of
comparison. While the’ value of Pr is smaller by an order of magnitude’ than t h a t  exhibite d by the ’ c)t lier
materials , the ’ large value of A and small value ’ of E R cc mh ine as she wn by Eq. ( 8 )  t e l  yield ~c larger valc ee
of k max than pre ’vious l y ohserve ’d. ‘[he large ’ values of A and S11 are not suf f i c’ie’iit to ee v e’ re -c me’ the ’ small
value of P r as shown by E q. ( 7 ) ,  wi th  the result that the value of d for t h i s  alloy is le ss tli~en tha t  of
many of the alloys listed, hut  comparable to that of n i c k e l .  The e ’xpectation is that ) t r o c c ’e’ s s u i i g  tec h-
niques can  he de’velotx ’d that wil l  inc-r e ’ase ’ the ’ valceo ’ of P r ’ ‘[his might improve ’ the value ’ ol’ d but de’.
c rease ’ that  ( i f f ~,t

2 is shown by Eq. ( I i ) .  For the present sample , the ’ value ci f /
‘~.( 2 is large’r h~~- ne ’ar ly

two orders of magnitude than that e ’xhihit ed by any of the ’ othe’r alloys , with the ’ r e- sti l t  t hu l  at a given
f requency ,  l amina t ions  of this rare-earth iron alloy could be’ made’ 5 to 10 times as thi c k as f ce r the  more’
eon  yen t i (ma) al loy s - ‘l’he’ cisc ’ of thic -ke ’r lam i oat ions would fae ’i Ii tate ’ fa br ic - Ie t ie )n - In t he’ c ase ’ c c l  t he  rare ’-
c art  h i I 0 cii  i l l  e my s - th .’ need to si m p1 i fy fabrication might  out we’igh the ’  advant age’ e f  te n  ‘re ’Ii s in g I he ~a l l ie ’
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le t ’ d, Finall y ,  while the value of ~~~~ / E J 1 is not given in ‘t able I for this  a l l c t y .  the ’ measure ’rne ’nts of
Tmmm e 25 indicate that  the power .h and hi mig capac i ty  of the’sc’ matc ’r ials far e ’xc’eeds t h a t  of the ’ other
alloys.

In the ’ summary that  fol lo iws , the ’  properties of only the ’ more’ c - onv ent i ce i ia l  ~t l ) c c v s  ar e’ compared -

I” cirthe ’r c h i s c - t m s s i e c i i  c c ) ’ the ’ rare-earth iron alloys is left for those’ papers that deal e ’x; i l i i ’ i t lv  w i t h  th at  c lass
of alloys.

W i t h i n  ‘ ac -h i  f ami l y c f  o’onve ’ntiona l magnetostr ic -t ive m a t e r i a l s  c ’c imm id e’ red , the’re ’ is a range ’ of coni-
P ecsi t  i c e t i s  with value ’s  of k m e x  su f f i c i en t ly  large ’ for cisc’ in unde ’rwate ’r transduc ers, ‘Flit’ largest va lu e ’ s i re ’
e ’xlii Iei te ’d by the’ ( ‘ c i - (  ‘r - N i  ~t l l c ys.

a ‘t he’ m axemc im power-handling c - a ) c h m c - i t  v of 2V .lx ’rm endur  was Ihe ’  largest measured . Those of
a~ lf e ’n ol ,  t i ii ’k e ’l . and th e  nic kel - i ron a l t c c y s  are apji ro x i m a te ’ly  e ’qo e iel .  ‘l’he addi t ion  of d ival e ’m it  iron to the ’

e ’ei h~elt-seibst  t t  i i te ’d n i e ’ke ’l fe ’rr ite ’s s i gni f i e ’ Iem 9 t ly  improv e-s/  the ’ir  max in i t im  pow er -han dl i i ig  c a ( c h u c i t  y - ~Vhe ’n
of the nie ’k e ’ l  u s re ’1l lat ’e ’d by ferrous iron , the ’ m~e~ i m t m m  pow er-h anc i len g i ’al cao ’ I t y  is 7() ’~ tha t  of- r - i i i  i~

- kel - l w  cc addi t ie  in el fa c - t c  Ir s ri, t est he’ c - c c i  151 ch e re el when cle ’ si going I ra nsd tic-c ’ rs for lii ghi -h o) We ’r i ll) )  i l l  c h i  -

t i oe t i ~ brit t le ’  frae ’t tire ’ in ferretes and h e ’a t i  ng caused Ic y eddy-c urrent  Icisse’s in u l l e c y s .
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Eddy-current losses in magnetostrictive transducers result in an upper fre ’quency l imi t  of approxi-
mately 300 k l-lz for Al feno l and 100 kl-l z for the other alloys. By making use ’ of ferrite’s, however , it
should be possible to u-omistruct magm ietostrictive transducers capable of operat ing in t o the megahertz
frequency ra n ge . In  addition , the ’ use of ferr ites in magnetostrect ive trarisc l ceu’ c’rs s i n i t c l l f l e ’ s  fahr icat ,omi hcy
e l imina t ing  the ne ’c ’e’ssity of laminar  con s t ruc t ion ,

‘l’he’ 11.7 ,~ l fe’nol is e’spec ’ially promis ing  us both a pruje c-o ’tor and re ’c -e ’ l v e ’ r  be ’ccuuse d ) f  the hig h va lue ’ -,
of d. f ~t 2 . “n~ ax E~~, amid Curi e te ’mp e ’r Itture ’ . .-\n aclde’d advantage of ,- \ l -  Fe ’ al loys is that they contain
no nickel  or cobalt, c’ac ’h of whic h  is- a strate ’ glc - material .  In the case’ of cobalt , th~ t fl ute d ~ tat c ’s is

dependent  on mute ’s  en A frica for its supply .  ‘[he’ U. S. supply of nic - kc ’l  d ur ing wart  me is r e ’ m s u i i a b c l y
secure because ’ most of i t  come’s ove ’rl an d from (‘anada. Iloweve’r , iii war t ime , de ’mam id for n i c k e l  would
Increase at a rate- mcech f a s t e r  than that of the’ ove ’ra ll e ’cunumy h e ’ - c c i s e ’  of i t s  U se ’ in st c ’ o ’ l s  acid other
alloys.

In view of the f t c - f tha t  among the ’ c-onve ’ntiomia l alloys discus so ’d there are several exh ib i t imig  d i s t i n c t
advan tages over nickel , it is appropriate to ask w h y  I h m ’ se ’ have ’ l c c t  been adopted for usc ’. Part of th o ’
answer is that while ’ some advantage ’ o’ould ho’ realized cv their  usc ’ . alloys su c h as Al fe e ol are not gen-
erall y available. ‘[he advantage that  woeild be realized by their  adoption would not j u s t i f y  or support a
special purpose indus t ry  for the ’ir p re ) du ct i o , m i - -  \ l s c . the proce ’ssing ts ’chniciues invol ved are’ in many
c~u sc’~ considerabl y more d i f f i m ’ u ) t  t han  tha t  re ’qtui ro ’d for nic kel.  Finall y. the ’ e’me’rgence of bari ci m t l t m n I m t o ’

— and lead zirconates dive ’rtec l t t t e ’r e s t  away  from mna gmi t ’tos t r m ct ion .  (‘le ’arl y what  is needed to r evive in-
terest in magn e t csi f l a t !  ( c l i  is an cl cc v w i t h  lero lcc ’rt ic ’s e q u a l  or scipe ’rior f c c  those of t h e se’ c’e’ramics , ‘l lie
rare earth-iron alloys mig ht he’ . RI~~t s uc h a c lass of materials ,
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NONLINEAR HIGH-DRIVE CHARACTERISTICS OF NICKEL RINGS*

Pe’ter J . L& ’nart
Naval Undeerwate ’r Systems Center
New London , Connecticut 06320

ABSTRACT
fr

The electrical input  impedances and acoustic radiation characteristics of rnagne ’to-
strictive scroll-wound ring transducers were measured and the data reduced to o b t a in
information on t he ’ transducer ’s material parameters as a func t ion  of high ’driv c ’ fic ’td s.
Nickel 200-A scrolls approximate ly  1233  in , (31,32 cm) il l  diameter and 0 9 17  in. (2.33
cm) in height  were used in making  these measur emenis . The experimental  data were ’
obtained from both in-a i r  ex ci tat i crn of the rings as well as from in ’wat er  e ’xe ’ i t a t i on .
Quant i t ies  derived were the relative reverse permeabi l i t y , the elastic comp liance ’ , the
piezomagnetic strain constant , an d the material electrome chanical cou pling coef f ic ien t .
The data wi l l  be compared to the theoro-tical model , N R L  EI GSHIP , a compute ’r program
of a mathematical  analys is  of the electroacoustic performance ’ of a sing le f in itc ’- leng ih
magnetos cri etive c i rcular  cylinder submerged in an unbounded medium and radi m l i n g
sound

INTR ODUCI’ION

In many applications of magnetostrictive transducers , the level of operation is low enough to assure
that the performance of the transducer is essemitia lly linear. Ilowever , when that same transducer is
driven at higher power levels to n-cake fuller uso’ of its capabilities , then nonlinear behavior can h-ct ’
expected and must he taken into account, As is usually the case with nonlinearities , the experimental
approach of addressing the problem is perhaps the ’ most c’ecrtain method of de ’ter rn in ing thc’ characteris-
tics of the device in question. This presentation makes use of such an approach to garner the informa-
(ion on high-drive material properties of one type of magnetostrictive transdcice’r.

APPARATUS

In a study program , two scroll-wound nickel 200-A transducers were prepare ’d for measurement
(Fig. 1). The active t ore’ consisted of 67 turns of ~ic’ke1 stri p material 0,917 in. (2.33 c m )  in height by
0,010 in. (0.025 cm) in thickness. The mean diame’ter of the ring is 12,334 in. (31.32 cm) and is
toroidally wound with 216 turns of No, 10 pol yeth y lene-jacketed wire. Thc’ ratio of the average c-ross-
sectional area enclosed in the toroidal windings to the cross-sec tional area of the ’ ring core’ is 3.137:1,000.

The rings were simultaneousl y exi -ited by a dc magnetizing currem it  and au uc driving current ( F i g ,  2) .
The’ dc current used for all the ’ measurements was 6,5 ~\ producing It fii ’tc l of 18 Oe 11 ,4 32 A/ n i ) amid
was chosen from preliminar y measurements so as to maximize the e’leutrome’c’hanical cocepling c-oeff ic ie ’nt ,
The ac drive currents we’re varied to correspond to excitation fields of from 2.75 to 13.8 Ge’ (219 to
1.098 A/ rn ) .  Both the in-air and in-water impedance measurc’ments were done’ by con t inuous  wave ’
methods. The input electrical resistance amid reactance ’ were measured by Ii Drani ’tz Complex lmpedanc ’e ’.

Admittanc e’ \i e ’te ’r with a Il igh Power Impedance Measurement Adaptor.

Pre ’sented at t he Workshop on Magnetostrict ive Materials  held unde ’r  the ’ sponsorship of the ’ t ’ nc te ’r wa tc r  Scnincl Adv is i e ry
Group and the Naval Rese’arch !~~horatory , Or l andc , , Florida , 2Fe -26 February 1971 ) .
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Feg 1. Nickel  scrol l transducer

L IOO mH C~~~625~~ F

Pg~~~R~~~~~~~~~~~~~~~~~~~~~~~~~~~ DUc ER~~~~~~~~~~~~~~~~ DPIVE

Fi g.  1. B lock ing  c a m u c i  used f u r  t he  measuremen ts

‘ro minimize any temperature e f f e c t s  on the material properties am-cd thc’ir effect  on the in-water
data , all measurements were made at the Naval Underwater System Center ’s Mil lstot ie Researc h .-\nne ’x
where the water temperature at depth was 63 F (17 (‘ I.

THE EXPER IMEN ’I ’

a \ t  each one ’ 0) 1’ secve ,ra l e ’x o - i ta t  ion fields 1)0th the im iput  re ’actance as well as resi stamice ’ wo re measured
Individuall y versus frequency over the frequency range fro m 2.0 to 7.0 kflz .  Figure 3 shows the ae Rial
data taken for one of the rings at an exc it at i omi field of 11 Oe (875 aN ‘l i i ) .  Im ite rpo lat ion c urve’s are
shown corresponding to the ’ hlocke’d reactance ’ and resistance quantities. Subtracting the blocked quanti-
tu e ’s from the input  quantit ies produces the’ motional impedance diagram for th e’ transducer ( Fig, - l ) .

I t  us , of course , from tho’se ’ motiona l circle’s that the’ l)asic informatiom i , such as the rc ’sonant fre-
quency f~, the qual i ty  fac tor Q, and the ’  c’ffe c’tivc ’ electromechanical coup ling coefficie ’nt I~, is c) I)tained.
l) at iu are’ requir ed to c a lcula te  the core mate ’r ia l paramete ’rs and the effect that  incre ’asing the e ’xc ita t ion
fie ’lojs has on the ’m.
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NICKEL 200.A
SCROLL-WOUND TRANSDUCER

D.C BIAS FIELD: 18 OIrs I.d s

COO A C  DRIVE FIELDa 11 osr s tsd s
j,~~~ RESISTANCE vs

FREQUENCY IN AIR
8 0 -  REACTANCE ~s . ‘ I

FREQUENCY IN AIR I

F R E Q U E N C Y  tle l4zt

Fig. 3. Example of measured input impedance

NICKEL 200-A
SCROLL-WOUND TRANSDUCER

D C  BIAS FiELD. 18 oe ,s Ie ds

A C  DRIVE FIELD. 11 oe ,s te ds
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Fig. 4. Example of motional impedance
diagram
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DATA ANALYSIS

In (lie analysis of the data at the’ various e’xcitatiom i fields , the’ approach use’d was basicall y that of
Sinsky, 1 making use of Butterworth and Smith’s expression for the total electrical impedance ZT as a
function of a the electrical and magnetostrictive properties of a transduc er 2 :

= r~ + 
jfN2~~~~~~~~~ 10 (A COil A o) +  

j f N 2 p~
’
3 Aox ~~~~~~~~~~~~~~~~ 

~R ,1, + J X 0) 
( 1 )

where g33 is the piezomagnetic stress constant , r~ is the d c .  resistamice of the toroidal ring. .V is the ’,
~~~ number of turns , a is the mean radius of the core , A0 is the cross sectional area of the r ing c-ore,

— is the reverse permeability at constant strength , X is the eddy current vem ’t or , and R 01 and X ,0 are the
mechanical resistance & reactance respectively. Certain assumptions were made , namely that the dc

~~~ 

- resistance of the toroidal windings is less thaui 1 ~~~~ and that because the metal strip thickness of the
nng is much less than the wavelength of sound in the material over the frequency band of intere ’st. then
the real part of the eddy-current factor can be assumed to be uni ty .

ft Although the data presented here are that of only one of the two scrolls that were measured , the
data from the second identically structured transducer closely approximates these results.

Figure 5 shows the variation of the material electromechanical coup ling coefficient /:33 ve rsus
increasing magnetic field, as derived from Eq. (2):

k2 = 12 1~ u — L 0 / L 1) ( 1  — A o / A coa )

where

—

1 — k 2 QZ X h

D~ is the diameter of the impedance circle in ohms ,
Q~~ is the quality factor of the ring being measured ,
X,, is the core reactance at the radial resonance frequency,

a L0 is the inductance of the winding with the’ transducer core removed ,
L~ is the free inductance measured at frequencies well below the radial resonance of the ring.

With the eddy-current factor assumed to be uni ty ,  the equation c’an he re’duced fur ther  to the form of
Eq. (3 ) :

4 k~ 3 = 
/:2 

-

1- ( ( A coi f A O / ( (A co~ f A O -1 + f,i33 /411 X 10”~~1

The re’ve’rsihle’ permeability at constant stress p33 used in th is  expression was obtained from the low-
frequency core reactance versus frequency. What should be’ noticed is that the relatively high value of
k33 at 2.75 Oe (219 A/rn ) rolls off and appears to level off at an excitation field of I I  Oe (875 a N / m t .

L 

1
J A.  Sinsky, “An Experimental I)e~ ripti e,n of a Free-Flooded Fi niIe- l ~~e gth Radia t ing Magnetostri ct ive Ring  Trans

N R L  Re’pc,rt 785 7 (Jun e ’ 1975).
S. But te rwe r t h  and F. 1) . Smith , ‘‘The’ Ee iuiv ale ’nt Circui t  of the Magne lo strict ion Osci ll ateer , ” Pc- a m - ! ‘hys .~, e c’ . I .een. 43
tN o .  2) , 16 6 ( 1931 ) ,
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4°°r NICKEL 200-A

~~~~~~~~ CR0LL~W0UND TRANSDUCER

.

.200 -

‘A

J _ ~~~~~~~~~~ ~~~~~ - a
0 2 4 S S tO 12 IS 16

14 to irst edS)

Fig. 5. Material coup ling coefficient as a funct ion of excitation field

90 - - NICK EL 200-A
SCROLL - WOUND TRANSDUCER 
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Fig. 6. Permeability at constant strain as a function of
excitation field

Using the values for material coupling coefficient and the reversible permeability at constant stress
at each driving field condition allows us to compute the reversible permeability at constant strain 143
(E q. (4) ) :

S _ T ~~ 1 k 2 4p33 — p 33 —

where

- 
r~1 dX / A coi l

143 = — + 
~~1 

- —) 4ir X 1O-~A0N 2 df

and X~. is the c’ur~’e’ reactance. The permeability increase’s from a low value of approximately 50 units
at 5.5 Oe (438 A / r n )  to a high value of 85 at 11 Ge (875 A / n i ) (Fig.  6),  exhibit ing the ’ same relative
behavior that  was reported for nicke l ring .sh t t ’ ks by the’ N le l ie ,n le l  Defense Research Committee, 3 Should
the scroll continue to behave relatively the same Its the stacks , one c ould expec t that the permeability
would fall off apprec iably at still higher ac excitat ion fields.

3Nati etnal Defense’ Research Committee. “The F) e ’sign m end 0 u c n s t  r t me t m c i ~ e e f  Magne’tostriction Transdue-eru .’’ Summary
Technical Report (l)ev 6, Nl) lt ( ’ , Washington , I) c ’ . 1946), Vo l 13 , p. 350.
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NICKEL 200-A -- SCROLL-WOUND TRANSDUCER

- 4 .SL

~~~4 6 ~~ ,/“

L ~~~~~~~~~ S 5 =L33 ) °
~~ 4 2 -  

2irUf 5 r ,,,

a ,~~ - ~..~ ________________ I
0 2 4 S $ 10 12 IS IS

H (OSlItS d s)

Fig. 7. Elastic compliance as a function of excitation field

If we again assume the eddy-current factor to be unity, the motional impedance is at a maxim um
when the mechanical reactance goes to zero. By definition this occurs at the radial resonance frequency
To’ allowing us to compeite the elastic’ compliance ( Fig. 7) from the expression in Eq. (5 ):

(1 - k~3 (.-l 0
= . 5 )

~~~ 2 7rM f ~ r 01

M is the mass of the ring core and in this case is 3.4 kg. The compliance increases steadily to a value of
4.7 X 10-12 Pa~~ at 11 Oe (875 A/m) .  and then appears to level off.

The last material paramete’r to be comisidered is the piezomagnetic’ stre’ss c onstant g33 (F i g. 51. whic h
is derived in terms of the previously -onsidered properties (E q . ( 6 ) ) :

k 33
g33 = -

~~~
/ ‘ —  - ( 6 )

~/ 1_ k ~3 V
As can be seen here, the stress constant falls  off rap idly from 10 to 6 X I 0~~ .-\ N as the ’ field increase’s
to 11 Oe (87 5 A/ rn) .

CONCLUDING REMARKS

From a transducer designer ’s poi nt of vi ew , the following question may be legiti matel y pose’d:
What effect does all of this have on the in-water performance of a scroll-wound transducer? To amiswer
that question , in-water impedance data at the same dc and ac excitation levels were taken and analyzed .

Considering the effect that increasing the ac excitation field has upon the resonant frequency f~ 
c)f

the device , we notic e that 10 dec reases steadily to a point at 11 Ge (875 -N/ rn ) where it appears to )
bottom out ( Fig. 9). However , taking the resonance at a field of 2~75 Oe (219 A / r n )  as a refer enc-e . the ’
maximum percent decrease in fo is on the order of only 1~ - . From this it appears that the -hange in
resonant frequency is not a major c oncern.

Now , however , if we take a look at maximum motional resistance R m~~ taken from the R versus
f data at the resonant frequencies corresponding to each ac excitation field, we’ do notice a rather ~uh-
st antial fluctuation in maximum resistance (Fig.  10). In fact , us ing (lie ’ maximum resistance at a dr iving
field of 2.75 Oe (219 A/rn )  as a reference , the variation in m a o i r n u m  resistance reached a high of
approximat~I y -l0~ at an ac magnetizing field of 11 Oe (875 A/ rn) .  One must certainly take this change
into account when considering the ultimate acoustic behavior of the transducer.
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to - ._—. NI CKEL 200- A
T R A N SD U CER

H o e,s t . d sI

Fig. 8. Piezomagnetic constant as a func t ion  of exci ta t ion  field
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Fig. 9. Resonant frequency as a function of excitation fi eld
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Fig. 10. Maximum etm otional resistance as a function of
excitat ion field
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NICKEL 200-A

‘,. SCROLL-WOUND TRANSOUCE R
2
E 200 r

,‘.• ,—
- — —

a • 
.,-‘

— 
~~~~~~~

—.—
E ‘OO a ,,

....‘~~ ~~~~~~

4 5 $ t O 12 - 
Ii 16

H Io .,s t.ds)

Fmg. 1 1. Source level as a funct ion o excitation field

Source level information gathered from the transmitting current responses of the transducer at the
various excitation fields does , in fact , show the nonlinear , in-water behavior of these scrolls ( Fig. 11).
At 11 Oe (875 A/ rn )  the source level has iticreased by 15 dB rather than the theoretic-al value of 12 dB

— (a 3-dB difference ) when compared to the source level at 2.75 Oe (219 A / r n ) .

To summarize , the in-air impedance measurements reveal that the magnetostrictive material proper-
ties vary substantiall y as the ac excitation field is increased, The corresponding wate ’r data show that
the resonant frequency changes by onl y approximatel y 1’~ , maximum resistance f luc tua tes  by as much
as -1O~~, and the sou rce level shows a 3-d B gain over that of linear behavior.
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EFFECT OF ORTHOGONAL FIELD EXCITATION OF NICKEL RINGS9

C. L. LeBlanc and C. H.  Sherman
Naval  Underwater  Systems Center
New Lon don , Connecticut  06320

ABSTRACT

A linea r magnetostrict ive theory is used to invest igate the  a l t e rna t ing  small a. ignal
character is t ic- a ,  of a th in -wa l l ed  n ickel  r i ng  transducer operating in the radial mode w ith
orthogona l magnetic fields for polarization and excitat ion.  The concept of us ing  orthog-
onal fiel ds , describe d by Edson and Huston (, I . Acoust .  Soc. Am., May I 974) ,  Es s tudied
from this l inear  viewpoint , and values for the effect ive electromechanical coupl ing
coe f f i c i en t  are presented in terms of the mater ial  coupling coefficient k 43 derived by
app l y ing  co ll inear  polarization and exci tat ion magnetic fields along the axis of pr inc l p mml
s t r a i n .  A l t h o u g h the effect ive coup li ng was found to depend qu i t e  heavily on the orienta-
t ion  of the resul tant  dr iv ing  and bias magnetic fields , no case was encountered where the
e f fe c t ive  coup l ing  exceeded k- ~-~. However , i n i t i a l  measurements made by Hu ston on a
l e n g t h  expander  n icke l  scroll in the form of a tube indica ted  tha t  the low-level cc up l ing
c’ie e’fficie’n i Increased  a p p r o x i m a t e l y  I 6’/~ when t he transduce r was driven o r thogona l ly .
S i m i l a r  me asurement s on a nickel  r ing  t ransducer did not subs tant ia te ’  thi s  f i n d i n g  and
gave result.’, in appro ximate  agreement with theory. Thus no defin ite conclusion can be’
drawn from the p re l iminary  low-level exper imental  results. Nevertheless , i t  is expecte d
t hat  o r ih i i g i ina l  exci ta t ion  wil l  have genuine  advantages under  large signal d r iv ing  condi-
t io i i s . Twim special cases of h i g h - a m p l i t u d e -  drive are discussed l inear ized dr ive a r i d  Un-
polarize d drive . .

I NTRODWI ’ION

Ma gm t c ’t otst r ic ’t ive scroll transducers have been in use’ foir  ove r 20 ym ’Im r s . In  all th t .s time ’ the ’ fir s l new
approac h for driving these ’ se-rolls is the orthogonal drive concept desc’ribe’d 1w E d s i in  and llust cui in
their  a r t I c le  ‘‘Hig h-Performan ce ’ Magnetustric -tive Transdue’ers. ’’1 Our inve st I t i I m t i i i n ~ of the or th c tg ona l
drive e’on i -e ’pt wi l l  show that the low-level coupl ing  e-oeffic ’ie ’nt for an c)r th Og o ft i i l lV drive n n icke l ‘.m -ru II
in the’ form of a r ing canno t  exco’ed the c ’oupling for a c’onventi oli a llv driven scre ) ll  b t t t  t h a t  h igh-
ampli tude o r thogo n a l  drive ’ may give better linearity and more ’ ae ’c)ust i c ’ posve ’r o t m t p u t  than high-
amp l i t t i de  convent ional  dr ive . Improved l imie arity amid increase d power 0 ) t i t l ) c m t  of or thog o n. e l l y  driven
si-rolls have he’e ’n substantiated by measu rements macic ’ by Huston. llowe’ver. his low-lev e l c o u p ling
c o e f f i c i e n t  measureme ’nts indio :ate ’d a I6Yr incr ease ’ when the t ra i i s du o -e ’r was dnve ’n o r thogona l l y. who -h
dIsagree’s wi th  our derived results. The mo ’asterem e ’nt s were made’ on a le ’ngth e ’xp ttnd e’r nic kel tube ’
whereas the ’ the’ory was developed by e-on sidenn g the ’ radial disp lac e ment  e f  a r ing t ransducer .

PHYSICAl.  \101)EL

Figure ’ 1 depi cts  a th in -wal l  scroll tran sduc-e ’r approximat ing  a r ing with  I w o  w i t i d e n g s  : a lt e ’x t e ’no r
t or em lal  w i n d i n g ,  wh y- h  Is the  one’ ttse ’d ii I - u n v e ’ T ) l i e ) n I m l  se-rolls , amid an in te r io r  s o l t ’ t i c c t i l a l  w ind i n g

Prc ,a. i ’ n t e ~d at  t he  W i i r k she i i ,  i lO Magne’t ost  rn -I s- i’ ~s lmete ’ r i mi l ’ .  h e l d m end e r the ’ sponsorship i i i  I he ’ t ’ncle ’rw .i te ’ i -  Si tmn d  A d v i s m r
Gremu p and the ’ N av,i  I Research L i  ( mit r e Ci i  r v - Orlan do , F l e  ir I da m - 2~ - 21 Fe’ brua rv I ~l 7 1

1 A P. Edson an d K. I .  l i u s l m i t i , ‘‘ l l e g h - P e - r f i e r m m e n i -i ’ Magiii ’ t i , s t r a i - t u v i ’  - l r m in ’ .c te mc e ’r s , ’ J .- )m ’us l  Soc .I ni . 55 . I 07l~ 1 179
( 19 7 4 ) .

‘,i ( ’  
~, IA’ lllane end  C ’  I I  She rman , ‘‘U se if U r i h i t g i i n m e l  l-i’’kts in M . i c i a i ’ I c i v t r i c t i v e ’  S m - r o l l  ‘I’r a n s c l m m i - i - r - .. N t s e  t M  Tl) 1 2- 7~~- 7 2

— ( 2  Mai r  972).
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Fig. I - Orthogona l ’dr ive magnetostr ic t iv c - . - ‘~: ‘~

scroll transducer FAN NEAa E~ -~~~~
SO_ d E L
5r e ~p

completely surrounded by magnetostri ctive material. Bias and alternat ing currents can be supe rimposed
in both windings . Current t~ in the toroidal winding produces a closed circumferential  magnetic- field
H ’3, Current i~ in the solenoidal winding produces an axial magnetic field H , which forms a closed path
as outlined by the solid closed line with connecting arrows. This latter field is perp endicular to the i1~circumferent ia l  field; thus the term “orthogonal drive ,” The resultant magnetic field is H 3 and is inc - l ined
at an angle ~m to the H~ field, To gain a better undefstanding of orthogonal drive , the scroll t ransducer
was anal yzed using linear , small-signal magnetostnctive theory, The objective was to determine the effec-
tive electromechanical coupling coefficient and to see if orthogonal drive provided a higher coup li ng
than conventional drive.

THEORY

It is conventional to wnte the linear , small-signal equations of state in a coordinate system with the
a X3 direction parallel with the bias magnetiza tion direction in the material. Figure 2 demonstrates this

type of coordinate system. The resultant bias magnetization vector H 3 is inclined at an angle 0 such
that the tan gent of ~ is the rat io of the physicall y app lied ort hogonal bias fi elds . H (dc) and H ’3 (dc ) .
The firs t step in the anal ysis is to write the constitutive equations of state for polarized polycrystalline
material with magnetostrictive symmetry in the unprimed coordinate system. Because the unprimed
system is rotated through the angle 0 to the primed system , which fits the scroll geometry and by which
the scroll motion can be described , the original equations of state must he transformed to the primed
system for practical analysis. The transformation is accomplished using tensor analysis , and the trans-
formed equations in the primed coordinate system that app ly to a simple magnetostric tive ring trans-
ducer with magnetic isotropy are —

s’3 = sf j ~T~ + d ’~3H~ + d ’33 H~~, (1)

B’1 = d ’13T~ + 43H , ( 2 )

B’3 = d ’33 T~ + i4~H~ , ( 3 )

which relate strain S’ and magnetic induction B’ to stress T’ and magnetic intensity H ’. Assuming that
the mechanical stress and strai n , as well as the magnetic intensity and induction , are uniform throughout
the material (which is an appropriate assumption for a short , cylindrical , thin-walled ring transducer),
then the static and dynamic coupling coefficients can be considered equal.

- - Fig. 2. Coordinate system

~~~~i~~~~~
H3
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The coup ling coefficient is evaluated , using an energy approach defined in the “IEEE Standards on
Piezoelectric Crystals ,”3 by calculating the piezomagnetic strain and induction energy densities, The
first step in determining specific energies is to mul t ip ly Eq. (1) by the only existing stress component—
the T~ circumferential stress (in other words , all other stress components have been set equal to zero for
the thin-walled ring operating in its fundamental radial hoop mode), Then Eqs. (2)  and (3) are multi-
plied by their respective alternating magnetic field components H~ and H~ , The resulting expression for
the magn itude of the effective electromechanical coupling coefficient k’ becomes

“ 13 (133

~~~s

= 
[ d 31 sin 3 0 + (d 33 — 

d i a ) s i n O cos2 O J H ’  + [ d 33 cos30 + (d31 + d i 5 ) s in 2 0 cos0J

{ [s ~ç cos4 O  + sf ~ sin 4 O  + (2s~~ + s~~ ) sin 20cos 2 0] ~~~ [i + H ’2}}

___________________ ~

The relationships between the primed coefficients and the unprimed coefficients , the ones usually
measured and published as the material constants , are found by comparing the appropriate bracketed
expressions. H ’ represents the ratio of the alternating magnetic field components , H~ to H~ , and can he
either positive or negative depending on whether the field components are in phase or 180° out of phase.

If it is now assumed that the material is isotrop ic elastically, there is no change in volume upon
magnetization , and the elastic and piezomagnetic shear coefficients have relationshi ps similar to their
piezoceramic counterparts , then Eq. (4)  reduces to the form

sin Ø
(cos o -- H

(1

where k 33 is the material coupling coefficient associated with a conventionally driven scroll,

A more comprehensive study of the cocip ling coefficient for arbitrary phase between H ’1 and H~’1was undertaken , but the final result for max imum coup ling reduc ed to Eq. (5) , Because many cases ,
ranging from H ’ equals zero to i n f i n i t y ,  are possible in Eq. (5) ,  only specific cases will he plotted to
demonstrate the behavior of the coupling coefficient versus H ’ and the angle 0.

Figu re 3 shows the coup ling coefficient ratio k’/ k 33 plotted as a function of the bias direction ~5for various dnvt ng  signal ratios H ’. The upper left plot shows that the coupl ing factor varies as the
cosmne ’ of 0 when H ’ equals zero (or when the only active driving field is the H~ f ield) .  For this i-m isc
when 0 equals zero , the dr iv ing field is parallel with the H (dc) bias vector and the s’3 strain , and
maximum coupling is achieved. ‘Fhis C ast’ represents the conventional ly driven scroll. When 0 eqtt a ] s
¶) t ) ~~, the drivimig field 

~ -‘1 is perpendicular to the magnetic bias vector , w h i c h  is now in the x ’1 dire ’ction ,
and the result is zero t ’oup ling. ‘l’he plot in the upper right-hand corner shows that  the ’ coup ling fac tor
van e’s as one-half the ’ sIn e ’  of 0 whe’n II ’ is inf in i te  (or when the only ac tive dr iving field is the ’ 11
fie ld) ,  When 0 eqtials zero , the driving field is perpend i cular to the magnetic bias vector , which is in
the x~1 direction , and the re sult is agaiii zero coup ling. When 0 equals 90° , the driving field II ~ is pttral-
lel wi th  the magnetic - bias vector in the x’1 direction hut is perpendicular to the S’3 strain , resulting in m m
perpendicular  c o u p l i n g  c oe f f i c i en t  half  the material  coupling -oe ffic ’ie ’nt k 13 under the asst impt i on s
ocit l ined previousl y ,

‘l’he two lowe’r I)lOt.5 represent cases of more prac t i ca l  interest.  On the left  the ’ r esultant driving
and bi as magne ’tlc fields are always parallel with one another , and thus the’ values for the ’ coupl iiig ratio

1” IR E  Standards u n  Pic ’, .m ii ’ l , -c t r ic  Crysta ls: Determinat ion of the Elas ti c . Piezocleclri c . mend Die ’le ’c-lric (‘ ins tan t s  - t h e
Elee t r i im e c ’h an i m- a l ( ‘ i~iep l i ng  l” am ’t or , I 9~,S .” Proc. I R E  46 (No. 4 )  ( A pr. l95~~).
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60’ 90’ Fig. 3. Coup ling ratio versus bias direction
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at 0 equal to 0° and 90° are unity and one-half , respectively, for the thin-walled ring operating in the
radial mode. Because the parallel and transverse piezomagnetic contributions to the S’3 strain oppose
one another in this case, the coupling factor goes to zero at 0 roughly equal to 55°, when the magnitude
of the net individual contributions are equal, On the right the orientation between the resultant driving
and bias magnetic fields varies continuously with the angle 0~ and the resultant fields are parallel at 0
equals 0°, mutually perpendicular at 0 equals 45° , and again parallel at 0 equals 90° . However , in this
case, on each half cycle of the driving signal the parallel and perpendicular piezomagnetic contributions
to the s’3 strain are additive; thus no null for the coupling ratio is observed,

Another case of interest is when the resultan t driving and bias magnetic fields are mutua fl y perpen-
dicular to one another for all values of the angle 0’ This takes place when H ’ equals the negative cotan-
gent of 0. Although this plot is not shown , the coup ling ratio was found to vary as ( 3 / 4 )  sin 20 and had
a maximum value of three-quarters at 0 equal to 45° and a value of zero at 0 equal to 0° and 90°.

The results of the analysis indicated that , although the effective coup ling was found to depend
quite heavily on the orientation of the resultant driving field with respect to the resultant bias magnetiza-
tion field , there was no case where the effective coupling coefficient for the orthogonall y driven scroll
exceeded k 33 - the coupling coefficient for a conventionally driven scroll.

EXPERIMENTAL RESULTS

Results of initial , low-level coupling coefficient measurements on the two prototype orthogonal
scroll transducers will be described. One transducer was a nickel ring with windings as shown in Fig. I
and a radial resonance at 11. -I kHz,  The transverse coupling c-oefficient measured when the driving and
bias magnetic fields were both in the axial direction , perpendicular to the S’3 strain , was found to be
0,12. The coupling coefficient measured when the driving and bias magnetic fields were both in the
circumferential direction , parallel with the S’3 strain , was 0,23 , which is approximately the value of k 33
for nickel,  The approximate factor of 2 between th e measur ed coupli ng va lues is coiisistent with the
conditions assumed in deriving Eq. (5)  from Eq. ( - 1 ) ,

Two values of the effective electromechanical coupling coeffic’ient were measured c)n the ring trans.
ducer under orthogonal drive conditions. In the first case the driving fields were adjusted to correspond
to H ’ = —cot 0 such that the resultant driving field was perpendicular to the resultant bias field and

0.21 was measured , Because for this case theory indicates

3j -I ) k 33 sin 20

the value ’ of 0. whic h could not he measured directly, must have been about 45° . In the ’ se ’m ond c ase .
the dr iving fields were’ adjusted to c orrespond to H ’ = tan 0 stit ’h that the resul tant  d riving field was
parallel with the’ re ’sultant bias field ( this case is shown in the  lower left plot of Fig. 3), and ?~

‘ 0.10
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was measured. This value is also roughly consistent with 0 = 45° , Thus , the measurements on the ring
transducer agree approximatel y with the theory.

The second transducer was a toroidall y wound nickel tube suspended inside a solenoidal winding
and had a lengt h resonance at 6.8 kHz. Measurements on this transducer were made by Huston. The
effective coupling coefficient measured with the driving and bias magnetic fields parallel with one
another and collinear with the axis of principal strain (longitudinal) was only 0.088. This low coupling
value is to be expected because of flux leakage and nonuniform stress and strain in the tube at resonance ,
and , in add ition , the fact that a half-wavelength , ceramic , dummy load transducer had been epoxied to
one end of the tube for high.power measurements. When the effective orthogonal coupling coefficient
was measured on this composite device for the condition H ’ = —cot O ,  a value of k ’ = 0.102 was found ,
suggesting that orthogonal driving can increase the coupling factor.

It must be noted that all the coupling coefficient values given for the ring are maximum values de-
termined at optimum bias current levels , which were different for each measurement, while both measure-
ments for the tube were made at the same bias. Thus no definite conclusions can be drawn from these
preliminary experimental results.

HIGH-AMPLITUDE DRIVE

The coupli ng coef ficient is only one of several criteria used to estimate transducer performance. It
is associated with low-level , linear characteristics. The primary advantages advocated for orthogonal
drive were associated with high-amp litude drive characteristics. Two cases of high-amplitude orthogonal
drive of scro ll transducers will be discussed to demonstrate potential advantages of this new concept
over high-amp litude conventional drive.

The relation between the useful circumferential strain S’3 and the S3 strain in the direction of
magnetization is

S’3 = .~~ S3(3cos2Ø_ 1 ) ,  (6)

whe re 0 is the angle between S’3 and S3 as shown in Fig. 4.

Although the relation given in Eq. ( 6) is a static one , it will be assumed that it holds dynamk -a l ly .
‘Fhe square-law relationshi p between strain and magnetic induction ,

s3 = s~~~~)

2

(w here subscript s designates saturation), in conjunction with the normalization criteria

S’3S~~~~~~

b B
B5

is used in Eq. (6) to derive

S = b ~,~~~ 4 b ~~.

which gives the normalized strain in terms of the normalized Cartesian c-omponent s of iii c luc ’t ion b 5 and
b~ .
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~~ ‘ ~~. S 3 Fig. 4. Cartesian representation of strain

Let the components of induction be given by

b~ = + u ( t )
(10 1

b~~ = b ~~~ + u ( t )

where ~~~ and ~~~ are fixed bias components and u ( t )  and v ( t )  are driving components . Inserting these
components in the normalized strain formula yields

= 
(~~~

x 
— -

~~~~y~ 
+ [ 2b~~

u ( t)  - b~~ v ( t ) J  + {u U ) 2 - - 
1 

m w 2] . ( I i )

Applying the condition

v U)  = s~/~

’ u U)  (12)

eliminates the bracketed term with the squared , time-dependent f u n c t i o n s  on the extreme right-hand
side of Eq. ( 11).  ‘Fhe expression for the strain then redtic-es to

s = [b~x - -
~~

. b~~] + (2b ~~ - 
~~~~ b~ 5 1 u ( t (  - (13)

Because both bracketed terms in Eq. (13 ,  are constants , the strain is a linear funct ion of the mag-
netic induction u ( t ) ,  In addition , the bias components can he adjusted to maximize the peak-to-peak
strain to a value of the square root of two times saturation strain. In a conventionally biased scroll , the
peak-to-peak strain cannot exceed saturation strai n , and there is considerable second harmonic distortion.

The other case of interest is unpolarized orthogonal drive. Let the driving components of induction
be given by

b~ = b0 sin ( w t )
( 1 4 )

b~ = b0 cos (cat )

h it’s.’ condi t ions  m a n s e ’  the ’ restiltant magnetic induction vector to he constant in magnitude aiid to
rotate ’ at an angular frequency w. Inserting these expressions into the normalized strain formula  yields

1 2 3 2S T~~° T bn c’o s ( 2 w 1 ) .  ( 15 )

l) nving to s m m l m t r ; e t m u n  induction makes b~, equal unity,  and then the s’3 strain has a f i x - ’ t l  c ’ompoiient of
ec m u ’ -qti art *’r saturation strain with an alternating component of three-quarters saturation strain. There’-
fo re’ , the  l ) t ’a k - t ee- l S ’ i t k  strain is 1-1/2 times the saturation strain. When a conventional sc roll  is driven
unpolar ized, the ’ peak-to-peak strain cannot  e’xceed saturation strain, In both case’s the ’ s t r m t m n  V mm r i e ’ s  at
t w i c e ’  the ’ fre ’qtie ’rie -y of the ’ d r iv ing  magnetic induct ion.

I
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SUMMARY

It has been shown theoretically that the coup ling coefficient for an orthogonally driven scroll is no
greater than that for a conventionall y driven scroll. Although initial  experimental results are ’ not conclu-
si ve , some of the results may not be consistent with the theoretical approach. While this possible dis-
crepa ncy remains to be resolved , it has been shown theoreticall y that polarized orthogonal drive gives
highe r linear strain amp li tude than conventional polarized drive and that unpolarized orthogonal drive
gives hig her st rain amp lit ude than conventional unpolarized drive. For the latter cases, orthogonal drive ’
has the potential for about 3 dB more acoustic power.
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- - ABSTRACT

This paper discusses the effects of high-drive-level orthogo nal excitation fields on
magnetostrictive transduction. A nonlinea r model valid for isotrop ic , square-law magneto-
strict iqe materials is used to review theoretical predictions. A p is t on-type transducer was
constructed from Ni -2 00 and fitted with tor oid-wound and solenoid-wound coils. This
protot ype device was evaluated usi ng both conventional and orthogonal modes of excita-
tion. Power tests were conducted with output power levels up to 50 W/ cm 2 of active core
area by driving the p iston into a tuned ceramic dummy load. Device eff iciency in excess
of 50% was obtained at 5 W/ cm 2 output power . As the output  power was increased ,
orthogonal excitation consistently provided higher efficie ncy and line arity th an conven-
tional excitation. In addition , device linearity improved with increasing dr,ve ’ level for
the orthogonal tests. Self-biased excitation was obtained by driving the tw cm coils plus a
pair of diodes in parallel. For self-biased excitation , device ef f icm e ’ncy increased with
drive level , exceeding 30% at 40 W /cm 2 output power .

INTRODUCT ION

It has been customary to design and build rnagnetostrictive transducers so that the axes of excita-
tion and static magnetic polarization coincide with the axis of mechanical or acoustic output. The
possibility of achieving increased power density or improved linearity by off-axis exdtat ion has been
previously recognized*3 A detailed analysis4 of off-axis excitation provided the followin g conclusions:

* A 125’7 increase occurs in the available power density capability of the core.

• “Squa re-la w” distortion is elimin ated. These improvements are independent of the transducer
core material and may conveniently be achieved by the simultaneous app lication of two mutually
perpendicular magnetic excitation fields to the transducer core. This configuration has been termed
“orthogonal excitation. ”5 ’6 It was also recognized that orthogonal excitation o1,Ters a novel method for
self-biased operation. To verify these predictions , a prototype piston transduc e r was constru cted and
evaluated at high-drive levels using both conventional and orthogonal m odes of excitation. The c’xperi-
mental results arc the subject of this paper and are presen ted after a brief review of pertinent magneto-
str iction theory.

*Presented at the Workshop on Magne’tostrictive ’ Materials held under the sponsorship uf the Underwate ’r Sound Adv ms ory
Group and the Naval Research Laborat ory, Orlando , Florida , 25-26 February 1976.

1Fried Krupp AG , German patent application K 159 ,470 (1945).
H . Rust and E. Bail it es , Acust ica 2 . 132-135 (1952).

~H. H . Rust and E. Ba ilites , German patent 910 ,603 (1954).
A. P. Edson and E. L . Huston , J . Acousl . Soc. -ten . 5S, 1076-1079 (1974) .  - - ,

~~ A .  P. Edson , U. S. patent 3,753 ,0i, S (14 Aug.  1973). PFL.t.’EDII~C PitJ.~~, BLA.N~LNOT Fl
A. P. Edson , U.S. patent RE 2t~,381 ( 1 A pr. 1975). 
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Magnetostrictive transduction is achieved principally through linear magnetostriction: a change of
physical dimensions at constant volume in response to a chan ge in the state of magnetization. The m agni-
tude of the strain is a function of both the net induction B and the direction of strain measurement. If the
material is isotropic , the strain at right angles to net induction is opposite in sign and half as large as that
parallel to the axis of induction. At constant induction , the angular dependence of the magnetostrictive
strain , ~ l ( O) / 1 , may be written as

~~ = O.S~~~L) (3 cos 2 ø _ l ) ,  ( 1)

where ( m ~l / l ) 0  is the strain along the axis of net induction. For many materials , magnetostrictive strain
(i~l/ l) ~ is proportional to the square of net induction up to the saturation strain , (~~l / l ) ~ , at technical
saturation B.c . Equation (1) may then be rewritten as

~ l(& B)  0.5 (-
~

-) (3cos 2 
~~— 1 )  

B 2 
(2 )

This math model permits calculation of the magnetostrictive strain or stress of an isotropic square - la w
transducer material when the net induction is inclined at any ang le 0 to the axis of loading.

It is apparent from Eq. (2) that oscillating saturation induction between coincidence (0 = 0) and (
quadrature (~~ i = 90° ) with the mechanical output axis will result in the magnetostrictive strain varying
between + (~~l / l) ~ and — 0 .5 (L~l/ l ) 5 . This 50% increase in peak-to-peak strain increases the available
magnetostrictive strain energy density to 2.1/4 times that obtainable from conventional uniaxial opera-
tion. By simultaneously varying both the magnitude and orientation of the net induction, an endless
spect mm of magnetostrictive strain waveforms is possible. The additional degree-of-freedom variable
orientation is the essential difference between orthogonal and conventional modes of exc itation,

The induction changes encountered during orthogonal excitation may l)e’ conven ien t ly  shown in the
two-dimensional induction diagram of Fig. 1. For the case shown , the induct ion  components along the
x and y axes have the parametric form

B~ Br., +B 0~ sin ( w t )  1 (3)
= ~~~ + B0~ 

sin ( w t ) .  J
The B~ values represent static or bias inductions , while the B~> values are time varying. This system of
equations represents a straight line in the induction p lane. The line is the trace of t he net induction
vector B = B~ + B~~. The prototype device that achieves this induction change will he discussed
presently, Further analysis of orthogonal excitation is greatly simplified by representing the in s t an t ane -
ous net induction as the sum of a fixed induction B~1 applied along the ’ axis of mechanical output and a
time-varying induction B~ app lied at a fixed excitation angle Ø~

, , as also illustrated in Fig. 1. The operat-
ing conditions for any transducer are thus determined by specifying 8m ’  0~ . and a range of val ues for B~ -
I ’ sing this new set of variables , the magnetostrictive strain waveform , Eq. (2 ) ,  may he rewritten as

~ l ( Ø ,  B) 
= ~~~ (

~
) I B ,~O + B~1 B~ cos + B~ ( 1.5 cos2 

~~ 
- 0.5) 1.  (-I

The’ B~. valu e ’s Ire ’ t ime ’ varying .~~~~~\ - i - urdingly,  B~ contains a term in sin 2 (w t) ,  and suc’h a term leads to
th e ’  f a m i l i a r  ‘~qua r e ’ -law ” distortion . Ilowe’ve’r , the coefficient of the B~ term depends upon the excita-
It em .eng l. ’ and vanishes at 125. 1° . Thu s the linearity of the output magnetostrictive-strain waveform
may he’ m - u ,ntyoll , ’d independent of the amplitude of the strain. This is a significant departure from
e-o n ve ’nti o nal exc itation.
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Fig. 1. Two-dimensional induction diagram showing the cor-
- - respondence between the two sets of induction components

PROTOTYPE DEVICE CONSTRUCTION

A piston-type magnetostrictive transducer was designed and built for operation with eithe ’r con-
ven tional or orthogonal excitation to permit a direct comparison of the two modes. The Oe ’vu -e ’ is
simply a O,304-m (12-in.) long tube. It was made by winding up, in scroll fashion , a 2.0 X 10~~ m
(8-mil) thick sheet of annealed Ni-200 covered with Thermoset Type 316 epoxy The outside diame ’t e ’r
of the t ube was 3.4 9 X 1 02  m ( 1 ‘17 in.), and the active cross-sectional area of nic kel was 1.34 X 10~~~~

m 2 
( 0 . 2 1  in. 2 ). A fter drying at room temperature , a 54-turn toroidal winding was wound through the ’

tube and epoxied to the tube walls. The device at two stages of construction is shown in Fig. 2. The’
toroid coil produces a magnetic field directed around the circumference of the tube. The entire assembly
was then suspended inside ’ the solenoid coils shown in Fig, 3. The solenoid coil produces a magnetic
field along the lengt h of the device, This field is perpendicular to the toroid field. Two solenoid coils
were wound concentrically—one to provide conventional dc bias and the second , ac exci tation. The
resonan t frequency for the le’ri gth or piston mode of the assembled device was 7050 Hz , N o flux re ’turn
path was provided for the solenoid windings.

The ou tpu t  power gene’rated by this device was measured by a dummy load techni que. To accom-
plish this , an a l t im inum (2017 1 1 )-ceramic ( EC64) c omposite stack (Fi g. 2) of the same resonant fre-
quency was constructed. The’ stack was epox it’d to one end of the magnetostrictor and can he seen
protruding from the e’nd of the ’ solenoid coils in Fig. 3. The active c-ross section of the ceramic ’ stack
was more than 7.5 time ’s that of the ’ nickel  magn e’tostrictor.

One orthogonal excitation e ’ircuit used to t est this prototype device is shown in Fig. -I . The two
solenoid coils and the ’ toroid coil wi th  its perpendicularl y directed fields are shown schematically.
DIrect current bias is app lied te e the toroid and one solenoid and is blocked by the capac ’itor from the
second sole ’noid Alte rnating curr e ’nt power is app lied to the toroid and second solenoid , while bei ng
blocked by a choke from the bias solenoid. Operation of this circuit requires both ac and dc power
supplies ; self-biased excitation will he discussed separately. The’ test circuit reduces to ( ‘onventiona l
excitation by simply disconnecting the toroid leg.

EXPERIMENTAL RE.~Ul.TS

lnduction Measurements

When the device ’ is driven with the circuit shown in Fig. -I , th e ac and dc magnetic- fields in teract in
a special way. .\t one’ instant they reinforce each other in the ’ axial direction (solenoid and arc in
opposition in the circumfere ’ntial direction ( toroid) .  One-half cycle ’ later they are adding in the toroid
and subtracting in the sole’noid. This interp lay of magnetic fields results in both a ch ange in magnitude
and orientation of the c u r e ’  i ndu ct i on ,  As discussed in the in t r u i c l uc t i o n , it is convenient to show the’
c ore induc tion as a two-dimensional diagram. In Fig. 5, the v -axis repre’sents c-t ire ’ induct ie m along the ’
axial di rection , while the c ircumferential induction is given along the ve ’rti c ’a l axis. The’ b ias induct ion
produce’d by a 1.8-A dc current is shown as B,,, The t rac ’e of the net induction vector in re sponse to a
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Fig. 2. Prototype piston transducer at two stages of construction and the aluminum-ceramic composite dummy load
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Fig. 3. Transducer mounted in solenoid coil ready for testing
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Fig. 4 . Schematic orthogonal excitat ion circuit
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Fig. 6. Impedance loops measured at 3. Fi- A bias

38-W/cm 2 ac inpu t is also shown . The trace is inclined at an excitation angle ’ of approximatel y 115 t o
the output axis (solenoid ) . The corresponding induction change for conventional excitation at the same
set of bias and drive conditions is shown on the solenoid axis. These experimental induction measure-
ments present a graphic illustration of the difference between conventional and orthogonal excitation.

Low-Power Impedance Measurements

Impedance measurements were made as a function of frequency to determine t-oup ling. For
orthogonal excitation , three impedance loops may be measured at each bias condition , as shown in Fig.
6. These loops are obtained by measu ring the impedance of the toroid and solenoid coils separatel y
and then together. During these measurements , the dummy load was ph ysical ly attached to the
magnetostrictor but electrically open circuited, This reduces coup ling due to the added end mass hut
otherwise doe s not interfere with the measurements. The same resonant frequency is obtained from all
curves, and the toroid and solenoid impedances add (at the same frequency) to give the total impedance.
Electromechanical coupling coefficients calculated from total impedance loops are’ shown in Fig. 7. The
experimental coupling values are plotted against the net bias induction. Contrary to LeBlanc & She’rman ’s
analysis7 , higher values of coupl ing were attained with orthogonal excitation.

7c. L. L~ BIanc and (‘. H . Sherman , Nt 1S(’  TM TI) 1 2 - 7 a - 7 2  (2 M e r  1 97 2 ) .
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Fig. 7. Coup l ing  coe fficients measured as a funct ion  of bias
induction and excitstii,n mode

Power Measurements

To compare the power and efficiency capabilitie s of these two excitation modes , the test circuit
shown in Fig. 8 was emp loyed. The tests were run pulsed- , and the inpu t power measured with the’
Fluke yAW meter. The dummy load was terminated with a tuned resistive load . Output power was
obtained from the voltage drop across the resistive load . For each input  power te’st , excitation frequency
and resistive load were varied to obtain maximum power output  (i.e., maximum efficie ’ncy). Experi-
mental results are summarized in Fig. 9. These are high-power tests far in excess of the 0.5 \V/cm 2
cavitation threshold for water. The three sets of curves re’fe r to three different bias levels. Without
exception , orthogonal excitation gives equal or greate r output power . .\t low bias , the curves flatte n ,
showing signs of apparent saturation. At high bias , output  power in exee ’ss of 50 \V/c m 2 at an
efficiency greater than 40% was obtained .

Linearity

During the power tests, drive voltage is mainted as a sinusoid and the dummy load has a high
mechanical Q and low-output power density , so that the output voltage is also a sinusoid. The’ drive’
current then must contain the nonlinearities of the magnetic field to strain transformation. l’he’ effect
of the excitation mode on linearity is thus obtained by comparing drive current waveforms.  Curre ’nt
waveforms from a number  of tests were Fourier anal yzed and a linearity index was formed from the
coefficients. This index is unity for a pure sinusoid with the ’ same frequency as the drive ’ voltage and
falls off as the harmonic content increases. The’ result s of this analysis are’ shown in Fig. 10 for com-
parative tests at 1,8-A bias. “square- law ” distortion is e’vident for corive ’ntional e ’x c i t a t i cm e’ve’n at
10 W/cm 2 . Howeve’r , linearity actually increases for orthogonal excitation at output power levels in
excess of 30 W/c’m 2 .

Sel f-Biased Excitation

The drive c i rcu i t  permit t ing se’lf-biase ’d e x u l t a t i o n  of the ’ prototype ’ device is shown in Fi g. i i .  Two
fast-ac ting diode’s ( I N  3881 have ’ been added and th u toroid and one’ sI) le ’n oid drive ’ c -oil connecte ’d in
parallel. The’ dc powe’r supp ly and the ’ second sole ’noid coil art ’ not use’d. ‘flit ’ r u ’slst ors are’ simp ly
c urrent shun ts .  The diode’s a c t  like ’ rectifier s in a re ’sistiv e ’ circuit— passing curre ’nt in only one’ dire ’c ’tion .
I lowe’ve’r , hee ’acise ’ the c i rcuit  is r e ’ae -tive ’ , current  is not interrupted. The’ c ’urr enl waveforms m(’ascire’d
during a 67- \V fcm 2 inpu t  power te ’st are ’ shown in Fig. 12. The total dr iv l ’  current is shown at the ’ top
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Fig. 8. Schematic of circui t  emp loyed for power tests

and the ’ toroid and solenoid components below, The positions of the origins indicate that each compon-
ent has acquired a dc bias and is phased at 1800 wi th respect to the other. The lack of symmetry in
these’ components Is due to an impedance mismatch of 57’~ be tween the two coils.

The’ re ’sults of power tu ’sts using this drive circuit are’ shown in Fig. 13. Tests were performed to
to W 2 211— ou tput .  and the measured poiiits (solid triangles ) are supe’rimposed on the earlier data, Self-
(,iI ei~e I i  excitation is indeed c apable ’ of high-power operation. In fact , the device efficiency was observed
I I I  In u re’a.se’ with encre ’asing output  power density. The reason for this can he seen on the schematic’
induction plot shown in Fig. I I .  .U low drive’ levels , operation is near the origin of induction space—an
inh e ’r e ’nt ly low efficien cy region. Effici ency improves as the device is driven to higher working induction
le v e R .  The’ straigh t line ’ shows the expected net induction trace fo r matched toroid and sole noid
Im p.’(lan( e’ .

Exp er im e ’nt a l  data obtained from one’ prototype piston transducer operated alternately in conven-
t l c e i l a l  and orthogonal me de’s of excitation have been prese’nted . Increased power density capability and
improved uh ’viu- e ’  line ’ari ty we’re de’monstrats ’d for orthogonal cx ( i t  at ion in agreement with theoretica l
;t r I ’ uJ II - I I I u I I ~ \ modest in cre ase’ in the coupling coefficient was also achieved. This increase is believed
III  r e s u l t  from an inc rease’ in the ’ contribution of magnetic domain rotations to the net induction change .
~a’lf-hiasi ’d operation at high-pow er leve’ls wa.s also demonstrated. Thus , orthogonal excitation of a
magn e ’to str ic -t iv e c-ore’ doe’s , in fact , offer  many improvements over conventional operation. The’se
improvements ’ are ’ indep endent of the magnetostrictive ~‘ore’ material  and complement the current
material de’velopm.’nt e’ffort -

I,
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_____ _____ 
R E S I S T I V E

OSC I L
LATOR

T U N I N G
INDUCTOR

Li
) i - t o  SEC

CERAMIC

Li I I 
TRANSDUCER

200w —

MacINTOSH
AMPLiFIER

1613881 TOROID
01 - I .0 ~a I
CAPACITOR

F LUkE
y A W  I - SOLENOID

6 13 8 8 1  I

F’ig . 11. Schematic of circuit employed for self-biased tests

—I-

UNCLASSIFIED 

~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



~ 

~~~~~~~~~~~~~~~

e- . .

I I

UNCLASSIFIED EXCITATION OF M-S MATERIALS 79

DRIVE CURRENT

f”~~ ‘ 7 ’ ç ” -~~ 
TOROID CURRENT

I 

\ ( \ 
( 1,45 a/d,v .

~~ \ \ / ~~\ I / ~~ 
\
\

~~~~~~~~~~~~ ~~~~~~~~ \+
_ _ _ _ _ _— - SOLENOID CURRENT

— 
1.41 8/d iv .

67 watt/cm 2 INPUT POWER

Fig. 12. Current wa veforms measured during self-biased excitation at 67’W/c m 2 input  power
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Fig. 1-) . Schematic induct ion diagram for self-biase d excitat ion

Hueter ’s review 8 of magnetostrictive’ transducers concluded that the natural advantages of these
devices—reliabili ty, ruggedness , corrosion resistance , and low impedance—were compromised by low
cou pl i ng, low power density, poor linearity , and the need for dc bias. The results of this investigation
indica te that the disadvantages are , at least in part , a consequence of the method of excitation. The
ex tent to which orthogonal excitation can be used to improve device performance needs to he experi-
mentally de’termine’d . Research areas of particular importance are core material and core de’sign for
compatibility with orthogonal f’ields , the effect of impedance mismatch , and the ’ effect of exci ta t ion
angle - To the ’ author ’s knowle ’dge’, no research in these areas is currentl y in progress.

‘~T. F’. I I u e- e e- r , -, .- Io- , o u.s/ .5,,, - . .1711 51 (No . :t . P~j r ( 2) ,  ¶ 192 ( 1972) .
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COMPARISON OF THE MAGNETIC AND MAGNETOSTRICTIVE PROPERTIES
OF CUBE-TEXTURED AND CONVENTIONAL NICKEL

TRANSDUCER MATERIALS*

Ii~
p

D. T. Peters
Paul D. Merica Research Laboratory

~~ The International Nickel Company, Inc.
Suffern , New York 10901

ABSTRACT

The anisotropies in the elastic, magnetic, and magnetostrictive properties of nickel
have been considered , with the conclusion that a cube-on-face texture (100) (100> nickel
sheet would be expected to result in a 50% increase in the magnetostrictive strain energy
density and a 21% decrease in sound velocity compared to conventional randomly
oriented nickel sheet. This paper describes the results of measurements comparing the
magnetic and magnetoatrictive properties of tape-wound ring scrolls of cube-textured
nickel and randomly oriented nickel. The expected increase in strain energy density and
decrease in sound velocity were observed. These improved characteristics were found
with an equivalen t coup ling coefficient in the two materials and a nearly linear response
of magnetostrictive strain to applied field in the cube-textured nickel .  Low-power linear
drive measurements by Sinsky at N RL are also described. In this work , lar ger reverse
permeabity ()43 ) and piezomagnetic strain constant (d 33) values at all induction levels
were found for the randomly oriented material , while the textured nickel showed slightly
larger coupling coefficient (k 33) and increased piezomagnetic constant (g33) values.
Cube-textured nickel is shown to be an attractive new material for consideration by the
tra nsducer engineer for a number of applications.

INTR ODUCTION

Nickel processed to have a very high degree of the cube-on-face crystallographic orientation in pOly-
crystalline sheet for use as a core material in magnetostrictive transducers has been described in two
recent publications.1’2 This paper summarizes the results of the work by The International N ic-k el
Company, Inc. (INCO ) , to develop an improved pure nickel core material and the results of INCO and
NRL studies comparing the cube-textured nickel with conventional nickel. The paper by Sinsky et al.
in this issue describes the properties of nickel-cobalt alloys in the cube-textured condition.

Because the magnetic prope rties of materials are generally quite anisotropic , substantial improve-
ments to variou s properties have been effected in several systems. Well-known examples would include ’
the silicon-iron transformer materials, nickel-iron and cobalt-iro n soft magnetic alloys , and the alnico
and barium ferrite permanent magnet alloys.

*Presented at the Workshop on Magnetostrictive Materials held under the sponsorshi p of the Underwater Sound Advi sc r
Group and the Nava l Research Laboratory, Orlando, Florida , 25-26 February 1976.

1E. L. Huston , D. T. Peter s, and 0. 0. Sandroc k , “Magnetic and Magnetostrictive Properti es of Cube Textured Nickel for
Magnetostrictive Transducer Applications ,” IEEE Trans. Mogn. mag-9(4), pp. 636-640 (Dcc. 1973).

2E. L. Ilu ston and 3. A. Sinsky, “Comparison of Cube-Textured and Conventional Nickel Magnetostricti ve Ring Transducers
During Low- Power Linear Drive ,”J . Ac ous t.  Soc. Am.  58(5), pp. 1082-1089 (Nov. 19Th ) .
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The magnetostrictive response of nickel exhibits a pronounced crystallographic dependence.
Saturation values of the magnetostrictive strain (~~1/ 1) ~, measured in the ( 100> and ( 111) directions have
been reported by Lee3 to be -45.9 X 10-6 and — 24.3  X 10-6 , while Yamamoto and Nakamichi 4 give
the values -54 .1 X 10-6 and — 22 , 4 X 1 06 , respectivel y. Young ’s modulus E is also quite anisotropic:
13.9 X 1011 and 30,7 X 1011 dyne/ cm 2 in the ( 100) and (111) directions , respectively. 5 However , the
magnetostrictive strain energy density (proportional to E ( ~~1/ l) ~ ) is also anisotrop ir~, and it is this quan-
tity that indicates ultimate power capabilities for transducer applications. Combining the available data
leads to the prediction of a 24% to 51% increase , with respect to random values: (~~1/ 1)~ = — 32. 8 X 1 0 6

L (Ref.  3) to —35.1 X 1 06  ( Ref. 2) and E = 21.9 X 1011 dyne/cm 2 (Ref.  5) for the magnetostrictive strain
energy in the ( 100) direction. Thus the available power density of nickel for magnetostrictive applica-
tions can be enhanced by crystallogr aphic texturing.

The magnetocrystalline anisotropy must also be taken into account, The anisotropy constants for
nickel at room temperature6 are approximately K1 —45 ,000 erg/cm 3 and K 2 = 23,000 erg/cm 3 ; i. e .,
the “easy ” direction of magnetization in nickel is in the F i l l ]  crystallographic direction, Therefore ,
cube-textured nickel will have a lower permeability in the plan e of the sheet than randomly oriented
polycrystalline material. This suggests at first glance that the increased power density in cube-textured
nickel migh t onl y be available at a sign ificant sacrifice in magnetomechanical efficiency, But , because
the coupling coefficient can be taken as a measure of the conversion of magnetic energy to mechanical
energy , it is not entirely apparent that a sacrifice in efficiency is inevitable in cube-textured nickel.

Figure 1 illustrates the mair— crystallographic directions in iron and nickel and the effect of aniso-
tropy on the magnetization curv~~,7 .Table I gives a comparison of the elastic and magnetostrictive
properties of single and polycrystalline nickel as a function of crystal direction and in the polycrystalline
state. The fi gure of merit FM is defined as E(~~1/ 1)~ .

Figure 2 shows the orientation of a unit cube of nickel in a cube-textured sheet and the resulting
X-ray pole figure. The {100} ( 100) texture , commonly termed the “cube-o n-fact” or simp l y “cube ”
texture , has ( 100) crystal directions in both the rolling and transverse direction. In addition to X-ray
diffraction measurement of the relative intensity of diffraction maxima , one can detect the presence of
the cube texture by the shape of etch pits , as shown in the photomicrograph of Fig. 3. When it is
established that the cube texture is present , its degree of perfection can b~ measured quite conveniently
by determining the first anisotropy constant K 1 by torque magnetometry. The amplitude of the maxima
of the torque curve will vary from zero in a random polycrystalline aggregate to a m aximum of on e-half
of the firs t anisotropy constant K 1 of a single crystal of the material in a perfectl y cube-oriented sheet.
‘rorque curves for nickel with three levels of cube texture are shown in Fig. 4 . The value of the firs t
anisotropy constant of the polycrystal line materials , (K 1 )~~, is taken as a measure of the amount of cube
texture.

The cube texture is obtained by a heavy cold reduction followed by a high-temperature anneal . In
nicke l , the grain size before the c-old working operation , impurity content , anneali n g time and tempera-
tu’-”, sheet thickness , and other factors are important and must be controlled to obtain a high degree of
cune orientation.

%l B.,z,.r th and R. W . h amming, Phy s. Ret ’. 89. 865 (1953).
~M. Y a mam ot o  and T. Nakami chi . .1. P hy s . Soc. .Iapa n 2, 22 8 (1958).
C. .i. Smith*’lls, Mi ’I ~ I.s t?i’fi -r c ’, ic-i- (look (Plenum Press , Inc. ,  New York , 1967), 4th ed., Vol. III , p. 708 .

_ S. (‘hika.~umi , ! ‘hysies of %Iag ,ti ’t i.sn i (.John Wiley & Sons, Inc., New York, 1966), p. 130.
‘ R . M Uozorth , Fi ’rro,nogm’ l ,.cm ( I )  Van Nostrand (‘o .,  Inc., New York , 1953). p. 47 5 .
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Fig. 1. Crystallograp hic directions in cubic nickel and iron crystals and the p rimary
magnetization curves in those directions (from Bozorth , Ref.  7)

TABLE I
Comparison of Elastic and Magnetostrictive Properties of Single and Polycrystal line Nickel

Crystal E (~~1/ 1) ~ FMa FM
Orientation (10 11 dyne/ cm 2 )  (10— 6) (10~ dyne/cm 2 ) FM (polycrystailine)

( 1 0 0 )  13,9 — 5 4 . 1  4.07 L36

( 110) 23.5 -29.6 2.06 0.69

( 1 1 1 )  30.7 -22.4 1.54 0,51

Polycrystalline 21.92 —37 3.00 1.00

aFigure of meri t  FM = E(~~1I ! ) ~
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Rolling
Direction

Fig. 2. Orientat ion of a unit cube of nickel
in a cube-textured sheet and the r esulting
X-ray d i f f rac t ion  pole figure ( ‘ l O O ~ ( 100)
texture)

MA GNETIC AND MAGNETOSTR ICI ’IVE PROPERTIES
OF CUBE-TEXTURED NIC KEL

L
INCO Results

Saturation magnetostrictive’ strain ?‘,~~ as a funct ion  of the ’ degree of cube or ie ’nt at icm (expresse ’d as
(K 1 J r- is plotted in Fi g. 5. A line ’ar increase with the degree of c ube ’ t e x l u r c ’ is I ld I I - a t ( ’ ( l .  The ’ strain
was measured on 1-in. (2.5-cm) disks punched from the 0.020-c -rn thic k sheet hv s t r a i n  tiagi’ s. Onl y the ’
strain resulting from a 90 rotation of the specimen in the ’ magn et i c -  field wa~ re ’rorde ’d. .\ more com-
plete descri ption of e’xpe ’r ime ’nta l me’thods can be’ found in lte ’f. I and 2 . )  The’ strain obtained from the ’
90 rotation tec hni que ’ is 3/2 the saturat ion value (~~/ 1),. This technique’  is independ ent  of the ’ ini t i a l
domain distr ibution , e l iminat ing the d i f f i cu l ty  fre ’quent ly e’ncountc ’r ed in uniax ia l  saturat l I l l i  strain

measurements. The-’ values of (~~I Ii L obtained for the ’ random and ful l y t ex t  urc’d sam I)le’s -,cre —~~ 7 X i0_ ~~,
respe ’( ’t iv( ’l y.  Both values are ’ in good agreement w I t h  t h e  d a ta  re ’portt ’d by Yamamoto and N a k a r n n - h I , 4

Whe n these’ e’xperime ’nta l value ’s are use’d to calc ulate the’ availabl e ’ ma gn et  I 1st r I I ’ t l v e’  strain energy,  a 51’

InI - r ’ a s e ’  is ohtaine ’d for the ’ ful l y 100 1 ( 1 1) 0 )  t extur e ’el  n n -k e l  sh e et .
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Fig. 3. Optical micrograph of the sample with ( K 1 )p -47 ,600 erg/cm ’~
This specimen was electrol yticall y etched to shc,w dislocation etch pits.
The edges of the etch pits are formed by ( 1 1 1 1  ( II r et h I l l s  in each
grain. The close al ignment of the grains with  one ancñhe ’r a n t  w i th  the
rolling direction is evident and in agreement wi th  the large value of
(K 1 )~ obtained from the torque curve.
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Fig. 4. Torque curves obtained for three’ potycryst .all ine nickel  disks.
Th e values for (K 1 ~~~~ the first magnetocrystalline anisot rops  l i t n
s t a n t , were derived from the se  data.
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Fig. 5. Three-halves saturat ion magnetostr ict ive strain p lotted
as a function of (K 1 )

~ for polycrystal line nickel sheet

The static magnetostrictive strain measured with full y textured and random tape-wound rings is
shown as a function of applied field in Fig. 6. The larger strain of the fully textured ring is not 

-
evidenced until a field in excess of 100 Oe (8 ,000 A/ r n )  is app lied. However , the strain of the textured
ring increases almost linearly with field over the entire range from 0 to 150 Oe (0 to 12 ,000 A / m ) ,
implying reduced distortion of the output strain waveform for large-field excitation.

The results of static magnetic measurements on the three tape-wound rings are shown in Fi g. 7.
Remanence and coercivity values increase with (K 1 )~~~. The primary magnetization curves show litt le
difference for induction levels B below about 3,500 G, Above this level , however, the textured
samples require larger applied fields to attain the same induction as the random sample. For the fully
textured samples , the applied field must be increased by a factor of ‘i In  maintain the same induction
level in the range from 4,500 to 5,500 G. This magnetic hardness at high induction levels is consistent
with domain theory and the fact as noted above that the (100 ) directions in nickel are the “hard ”
magnetization directions,

A number of dynamic measuremen ts were made on tape-wound rings (D avg = 5.5 c m )  of the ’
texture ’d , partially textured , and random nickel sheet at INCO. The magnetk - hardness of the textured
samples at h igh in du ct ion levels is also apparent in the reversible pe ’rm eability data shown in Fig. 8.
These’ data were obtained at 5,000 lIz , a frequency f well below mechank-al resonance (21 to 28 kflz ,
depending on the ’ degree of texture). The re lative ’ly high reversible permeability at low induction for
this particular specimen of full y textured nickel is anomalous.

,\ summary of data from impedance measurements on the small tape-wound scrolls is given in
Table’ I I .  The symbol H~ is the magnetic polarization field required to produce the desired induction
level . Data obtained from remanent operation (H ~ = 0) are also included. The large values of Q~.,,1 ,
greater than 29 in all cases, indicate that the rings were well c’onsolidate’d and that epoxy and ringcase
did not contribute significant mechanical losses to the radial vihration mode.
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Fig. 6. Static magnetostrictive strain of tape-wound nickel r ing samp les
measured as a function of the app lied magnetic field
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Fig. 7. Primary magnetization curves for the polycrvstalline
tape-wound nickel ring samp les
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140

- K 1~ erg /cm i 1
20 — 47, 600

A 24 050

INO?ICT/ON, kG

Fig. 8 . Reversible permeability at 5000 Hz for the polycrystalline
tap e-wound nickel ring samples

TABLE II
Summary of Data Obtained From Impedance Measurements on Three’ Tape-Wound

Nickel Ring Transducers With Different Values of ( K 1 )~

4-800 erg/cm 3 ( K 1 )~ = -24 ,050 erg/ cm 3 ( K 1 )~ -47 ,600 ergf cm 3

k G )  

~~~~~~~ [ ~~~~~~~ ] Qem Q~ B 
~~~~~~~ 

(.
~ } Qem Q~ ~ ( l i z )  k

2.0 3.0 27 ,730 70.2 2.17 0.127 3.2 23 ,695 62. 4 3.04 0. 142 3.3 21 ,630 88.3 2.22 0 .139
2. 5 4. 7, 27 ,620 50 . 3 2.54 0.175 4.0 23 ,660 53. 8 33 2 0. 171 4 .3 2 1 ,615 69.1 2.88 0.168
3.0 6.8 27 , 510 40 . 5 2.89 0.2 14 5. 5 23 , 595 - 13.7 4. 56 0.214 6. 5 2 1 , 580 54.6 3.79 0. 21 5
3.5 10.0 27 , 370 29 . 1 3.45 0.259 8.0 23,520 39.9 7.32 0.2-12 11.0 21 .185 . 1 7 . 7  5 88 0.268
1.0 14. 8 27 ,250 29 . 5 5.80 0.284 14. 5 23 .395 -11. 1 13. 1 0.281 22.5 2 1 , 465 62.6 1-1 . 2 0 .264
I I  21.3 27 ,310 34 . 8 6.15 0.277 25.9 23, 400 -18 . 3 15 .8 0.252 43.6 2 1 ,410 75 .1 10.8 0 .263
i.0 32.0 27 , 485 65 . 5 9.81 0.23 1 7 , 5 7  23 .52 5 81. 0 17 0.203 - - - - - - - - -

Reman c-nt 0 27 , 575 89.0 1.7-! 0.104 0 23,600 59.7 2.39 0. 156 0 2 1 ,6.10 83.9 1.92 0.1.19

~ 1 Oe 7 9 . 5 7 7 1 7  A m .
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Fig. 9. Electromechanical coupling coefficient measured as a f u n c t i o n  of
induction for the three tape-wound nickel ring specimens

For convenience , the coupling coefficients given in Table II are plotted as a funct ion of induction in
Fig. 9, The random ring, (K 1 )~ = 800 erg/cm 3 . has a max imum value of 0.284 at 4 ,000 U . This corn-

r pares favo rably with a value of 0.30 reported by Clark. 8 The textured rings show essentially the same
result in dicating that the 100 (100 ) texture has l i t t l e  effect (In th e  co u p ling c oeff ic ient .

NRL Results

Joel Sinsk y, then at the Naval Research Laboratory, has measured the electrical input  impedance of
both random nickel (Ni-200) and cube-textured nickel scroll-wound rings. 2 tie expressed the’ results of
the measurements in terms familiar to acoustic engineering, namel y pç3 , d 33 . k33, and g33 . .-\ thorough
analysis of the impedance data to obtain these quantities , based on Butterworth and Smith ’s approximate
expression for the total electrical input  impedance of a magnetostrictive ring transducer in air ,9 is
presented in the Huston and Sinsky paper. 2 The impedance measurements on eat-h ring were obtained
under conditions of low-power linear excitation to permit analysis with the conventional piezomagnetic
equations of state , The data were plo tted as a func tion of bias induction to facilitate comparison of
the two materials.

The reversible permeability of the tube-textured nickel (CTNi ) and random nickel (Ni -2 00) rings
determined at NRL is shown in Fig. 10. The lower reversible permeability of the cube-textured ring
implies that the input core impedance , which is proportional to is correspondingly less than that of
the Ni-200 ring for the same core cross section and frequency. Also , eddy-current losses and , therefore ,
internal heating tosses , again proportional to g~

’3. will be ie’ss in the cube-textured material compared to
the conventional randomly oriented rn( ’ke l.

The material electromechanical coupling coefficients h 33, shown in Fig. 11, are strongly dependent
upon the bias induction level and are generally similar to the INCO data of Fig. 9 . . ’~ maximum value of
0.282 is attained by CTNI at -1.5 kG and exceeds the maximum attained with the Ni -200 ring by abou t

8(. ,~ (‘lark , J ,4co u. qtg coI .S,ic - . .4rn. 33. 9:30 ) l 9 6 i Y9s. flu t terwor th and F. D. Smith,  “The Equivalent (‘ i r c ui t  of the Magnetos t riction Oscillator , ” J. Phy s. Soe’ . I . oei .  43(2) .
1 6 6 ) 1 9 3 1 )
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Fig. 10. Reversible permeabili ty of the two nickel rings as a
function of the bias induction
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Fig. 11 . Material coupling coefficient B 33 of the two nickel rings ass  function
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TABLE I l l
Elastic Compliance and Modulus of Cube-Textured and Ni-200 as a Function of Int roduct ion

CTNi Ni -200

B S~3 E B S~3 F
(kG)  (1 0 1 2  m 2 /N or Pa~~ ) (10~’ Pa) (kG)  (10 12 rn 2 . N or Pa ’ I ( 1011 Pa)

2.5 8.16 1.22 2.8 5.04 1.99 
-

3.1 7.98 1.25 &4 4.98 2,01

~~ 3.8 7, 86 1.27 3.9 4.94 2.02

4.4 7.75 1.29 4.4 4.91 2.04

77r . In the linear analysis , k 33 is a measure of the energy conversion capability of a piezomagnetic
material. Its magnitude “gives the fraction of input electrical energy that appears in mechanical form ,

3. stored in the elastic displacement.”10 The coup ling coefficient is also often used as an indication of
the bandwid th capab ility of a piezomagnetic material .

The elastic properties shown in Table I l l  for the two nickel rings are sign ificantly different .  Cube-
textured nickel exhibits a 37% large r elastic compliance with a corresponding 37% lower Young ’s
elastic modulus. This is a direct result of elastic anisotropy, which for the nickel lattice is softest in
E l O O l  di rections , The lower modulus for CTNi results in a 21% reduction in sound velocity . In
practical terms , this means that for a specified resonance frequency, a CTNi ring can be built with a
21~7r smaller diameter than its Ni-200 counterpart , with a resulting weight and material saving. Smaller
size r ings with th e same resonant fr eq uency are advant ageous for elements of an ar ray . A more densel y
packed ring array results in a reduction of the interelement spacing and a greater angular dispersion of
all the minor lobes from the mai n beam of the array radiation pattern. On the other hand , if a CTNi
ring array was built with the same interelement spacing used in a Ni-200 ring array and the resonance
frequencies of the rings in each array were identical , then the smaller size CTNi rings would be acousti-
cally less visible and have smaller interelement forces than the larger Ni-200 rings.2

The piezomagnetic strain constant d 33 (Fig. 12) is higher by about 8% at optimum bias induction
for the Ni-200 ring. The piezomagnetic constant d 33 is the proportionality constant between the
mechanical strain and the applied magnetic field at constant stress. Magnetostr ictive strain is directly
related to magnetic domain rotation and , consequently, the induction change re sulting from the’ app lied
fi eld. Because the CTNi ring exhibits about a 50% lower permeability, a reduction in d 33 greater than
the observed 8% value is expected unless the magnetostrictive strain of CTNi is larger than Ni-200. The
increased magnetostrictive strain of CTNi is readil y apparent in the comparison of g33 values shown in
Fig. 12. This piezomagnetic constant re flects the proportionality between strain and induction. At
5 kG , g33 for CTNi is more than twk-e the value for Ni-200 .

It is fel t that the NRL dynamic data of Figs, 10, 11 , and 12 complement the lN ( ’( )  static ’ magne’to-
strictive strain measurements reported in this paper and demonstrate with low-p owe ’r tests the claim for
increased power-handling capability of cube-textured nickel. Actual transducer performanc e at high-
power densities can only be determined by expe-rim e’nts at high-drive levels.

Some testing in water was also done’ at N R L  on the (‘TNi and Ni-200 rings, 2 The w at er  resonant
frequency of the CTNi ring was approximate ly 20’~ lower than that of the Ni-200 ring . as was the i -u se’
in air. Transmitting efficiencies calculate’d for the’ in-water impedance’ e’ire-les of th e two mater ials show

10 R S. Woollett , “Ma gn ct ost r i i ’ t ive  Material  Requirements for Sonar Transducers , ” .11 .-1~ { ‘,S.’~) 20 , 679 ( 1970 ) .

UNCLASSIFIE D 

-~~~~~~~~—. -~~~ 
.

~~~~ .-- - ~~~~~~~~~~~~~~~~~~ .~~~~~~~-- - -  -= . - - . 



94 U . T . PETE RS UNCLASSIFIED
C 30

CTI4 .9
5 -  .‘ ‘ 2 5

/ EN-70o .d 33_ ~~~., ~ /

,~ • 2 0 ~~~

/ ,

‘~~~~~~ CTN d33 

;
/ ~~~~ - 35

- I
I,
, .7 ._>-

~~ 2 - 

/ 
- 10 ~

~~~~
. 

f  ,X _ —’~’
20

0 
1 2  

• .  O .q~~~ 

6

BIAS INDUCTION (kGl

Fig. 12. Piezomagnetic constants d 33 and g33 as func t ions  of bias induc t ion
for the two nickel rings

them both to operate at greater than 75~ efficiency when driven with a 15-mA excitation signal . The
transmit t ing efficiencies of the rings were also -alculated directl y from the ratio of the outgoing acoustic
power to the incoming electrical power for each ring. The outgoing acoustic power was found by —
numeri cally inte ’grating under the far-field directiv ity patterns , as shown in Fig. 13. For de’tectable far-
field transmission , the rings were driv(’n at -urrents of 100 mA.  The efficiencies determined by this
method were 59% for the CTNi ring and 66% for the Ni-200 ring. The efficiencies are high because
the’ ac driving currents were small. The purpose of doing the’ calculations was to indicate ’ that at low-
power drive the e ’fficiencies of the two rings were comparable.

The maximum far-field transmitting response is 2 dB lowe’r for the’ CT’Ni ring than for Ni -200 at
the 100-mA drive level. Comparisons at constant drive voltage (constant induction swing) would
im-re-ase the response of CTNi relative to Ni -200 oecause of the 50% lower reversible permeability of the
CI’Ni ring.

CONCLUSION

The side-by-side comparison of -uhe ’-textur e’d and conventional random ni ckel free-flooded ring
transduce ’rs demonstrates that substantial magneth - and magnetostrictive propert y changes result from
the introduction of the i’uhe -on-face c rystallographic textt lr e in nickel .  The -hanges are in three
principal categories: magnetic permeability , e’lastic modulus , and power-handling capabil i ty .  For a
given set of transducer conditions , random nickel offers higher reversible permeability, increased
electrical impedance , and higher eddy-current losse’s. The increased e’la.stic compliane’e (lower Young ’s
modulus) of cube-textured ni ckel pe ’rmits a 21~~ size ’ reduction for the ’ same resonant frequency.
Fur ther , the increased strain energy density of cube-textured nickel improve’s the ’ p~iwe r -hand l ing
capability of nickel magn e?tostr ictive transdue ’e’rs. This crystallograp hic texture ’ has l i t t l e ’  effect on the’
material electromechanical coupling coefficient ,  i t  is hoped that this comparison wil l aid the transduc ’c’r
engine-er in his selection of a core material for a part icular  transducer app lic at ion.
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Fig. 13. Far-f ield t ransmit t ing current response of the nickel r ings in water.  The upper
curves are for pressures measured in the plane of the rings , and the lower curves are for
pressu res measu red on the axis of the rings.
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THE EVALUATION OF CUBE-TEXTURED NICKEL-COBALT MAGNETOSTR ICTIVE RING
TRANSDUCERS DURING LOW-POWER LINEAR DRIVE*

J. Sinsky
Naval Research Labora tory

Washing ton , D.C. 20375
E. L. Huston and D. T. Peters

The International Nickel Company, Inc.
S u ffe r n , New Yo rk 10901

ABSTRACT

The magne tic and magnetostr ic t ive  properties of four scroil ’wound r ing t ransducers
made from “cu be-on-face ” textured nickel-cobalt  alloys were measured and compared to
t he corresponding properties of a convent ional  Ni ckel -2 00 ring transducer . The trans-
ducers were separately excited in air at low-power l inear  drive levels wi th  vary ing amou nts
of bias induct ion .  Larger reversible permeabili ty (pt) was obtained for all  cobalt leve ls.
An increase in the material coup ling coe f f i c i en t  (k 33) of appro ximate ly  50% was obta ined
for 3% and 4.5% cobalt over that  for Nicke l-200. Values obtained for the piezoma gneti c
constant ( g33) were also general ly higher for the nickel-cobalt alloys than for Nickel-20 0 .
A 20% reduction in sound velocity wa.s also observed. A broad range of m a g n et i c  and
ma gnetostrictive property improvements are thus affected by the combinat ion  of cobalt
addi t ions  to and cube tex tur ing  :~f t he convent ional  nickel a l lo y .

INTRODUCTION

In previous reported work ’ ~ the magnetic anti magnetostrictive properties of a magnetostrit -tiv e
scroll-wound ring transducer made from cube-textured nickel (C”l ’Ni) were measured and compared to
the corresponding properties of a ring transducer made from conventional  Nk-kel-200 (Ni -200 ) .  In this
paper , we report on similar measurements of properties of four scroll-wound ring transducers made from
CTNI-cohalt alloys and their comparison with those of the same Ni-20 0 ring. The addit ion of cobalt to
nickel reduces the magnetocrystalline anisotropy and thereby increases reversible permeability p33 and
coup ling k 33. This reduction in anisotropy 4 is shown in Fig. 1. 1 Complete compensation of the mag-
netic anisotropy is attained with about 4 .5V~ cobalt .  Cobalt also reduces the magnetostrictive strain of
nickel 5 as shown in Fig. 2. 1-lowever , at 4 .5~ -ohalt the saturation magnetostr ictive strain in the 11001
direction is 47 ppm , some 10 ppm larger than the value for random pol yc-rystal l ine nickel .  Thus , the
addition of cobalt to CTNi should provide attractive combinations of magnetic and magnetostrictive
properties for transducer app lications.

As an extension of earlier work , scroll-wound ring t ransducers  were produced from CTNi stri p con-
tai ning 1.5~7 , 3.0Y~, and 4.5% t -oha lt  by weight and evaluated at low-power-drive conditions, The ad-
vantages indicated by this inve stigation of the (“I’N -t ’obalt alloys over conventional Ni-200 are increased
saturation strains , a 50~ increase’ iii  material coup ling coe f f i c i en t . and a ‘10~ reduction in Young ’s modulus.

* Presented a) the Workshop  on Magn etos t r i e t  iv, ’ Sla U-ria ls held u n d er  I hi’ spon s i i r sh i  p of 11w Unde ’rw ate r  Sound Advisors-
Group and th e Naval Rc-s, ’arch Laboratory,  Orlando , 1”lor ida , 2)~-2() Februar y 1 97I~.

I E. L. Huston , U. T. Peters , and G. U. San drock , “M a g n e t i c  and M agn i ’ I  u s t r i c l  ivy Proper t ies  of Cube Textured Nicke l  for
Magnetostrictiv i ’ Transducer A pp l i c a t i o n i , ” F K E L i’ra ns. Ma c ’si .  mag.9(4) ,  1)36 ( Dec. 1973) .

2 .J. A. Sin sky,  ‘‘( ‘ i impa ru son of a Cube- ’I’ex t u r e d - N i c k e l  and a N 1I ’k el- 2 110 Magne lo s t r i c t i v e  R i n g  Transcluci ’r .’’ N R L  Report
7779 (Aug.  1974) .

3E. L. Huston and  J. A. Sins ky .  ‘‘ Comparison , , I  (‘u la ’-T ( ’x lt ir , ’( l m d  (‘mmnven l j o na (  N ic kel  Ma g netostr ie t iv e R i n g  Transdmn-rrs
Dur ing  Low-Power Lin e ar  Drive , J m u ss! .‘)o(’ . .1 ni . 58 , 1052 ( 1975) .

4S. C h i k a z u m i , Ph sirs of Magnetis m (,Iohn Wil ey & Sims In c ., New York , 19 64) ,  p. l - l ~~.5lh i d , p. 174.
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APPARATUS

The core materials were CTNi-cobalt strips 8 mils (2 X 10~~~~ m) thick prod uced from elemen tal
metal powders . These powders were first blended and isostatically compacted to form billets that were
then sintered , extruded , and hot rolled to yield fully dense bands approximately 0.01 m thick. The
bands were cold rolled to final thickness and annealed for 360 s at temperatures exceeding 1 ,000°C in a
red ucing atmosphere to produce the cube-on-face texture . Finally, the strips were air annea led for 2 hr
at 815° C to provide an insulating oxide coating on all surfaces. Nickel-cobalt strips containing three
different cobalt levels at 1.57~, 3.0% , and 4.5% by weight produced in this manner , and a hi gh degree
of cube-o n-face texture was confirmed by X -ray diffrac tion , etch pit , and torque magnetometry tech-
ni ques. The degree of texture was later verified by sound velocity measurements.

All ring cores were scroll wound , which means that they were made by winding the metal strip
about a mandrel. A bonding agent , Therm oset Type 316 epoxy, which cures at room tempera tur e, was
applied to the stri p prior to winding to consolidate the laminations. The nickel-cobalt (4.5Yr - Co) core,
consolida ted with Thermoset Type 316 epoxy, was designated 4-1/2% Ni-Co OLD. A second nickel-

) cobalt (4.5~ Co) transducer , designated 4-1/2% Ni-Co NEW , was consolidated with Thermoset Type 346
epoxy . The la tt er bonding agen t is a filled epoxy wi th m ini m um vol u me cha nge on curing . To remove
geometrical effects , all the CTNi-cobalt rings were buil t to the same dime nsions . The dia meter was
selected to give approximately the same resonance frequency as the Ni-200 ring. Table I gives the
average dimensions of the cores. The expression A~ /A o is the ratio of the average cross-sectional area
enclosed in the windin gs to the cross-sectio nal area of the ring core and is used in the leakage flux
correction.

The ring transducers used were wire wound and each of the cores was separately mounted as shown
in Fig. 3. The mount ing structure was designed to hold a core in a fixed position in the windings while
providing the least possible clamping of the core and to be acoustically inv ~ - ale in the excitation fre-
quency range of interest.

Each nng was simultaneousl y excited by a dc magnetizing current and an ac driving current .  The
blocking circuit that isolated the ac current source from the dc current source is diagramed in Fig. 4.

The circuit block diagram of the transducer driving system is sho~~n in Fig. 5. ‘Fhe in-air  impedance
measurements were done with a cont inuous  wave (CW ): therefore , the pulse t iming  generator and the
transmit ter  gate tn the driving system were switched off.  The l’ulse Vector Immit tance Meter measures
the input  electrical re ’sistance and reactance of the transdtic -er and blocking circuit under conditions of
CW or pulsed current excitation. The dc magnetizing current was varied during the experiment  to pro-
vide varying induction-field levels in the ring cores. The level of the ac drive current , however , was held
constant at 15 mA rms for the entire exper iment  by a current normalizer . The rings were demagnetized
between changes of the level of the dc magnetizing current.

‘FABLE I

Average Dimension s and Masse’s of the Finished Cores

Outside Insid e - Mean
- I - . lk ’ight - Mas.s cRings Diameter Di m niete ’r Raditis —I ( m )  ( kg )  1 (1( m l  ( ml  lm )

(‘uh e -t exture ’d
Nickel-c obalt 0.11 1 0.100 0.021 0.053 0.305 S. 7
Nn ’kel-2 0()  U .1 (5 0. 125 0.01 ~) 0.066 0.134 S
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EXPERIMENT

An experimental run on a ring transducer corresponded to input electrical impedance measurement s
at various frequencies of ac excitation for a single value of dc magnetizing current. A total of 9 or 10
runs was made on the rings , and the values of magnetic field intensity and induction field level are
shown in Fig. 6 for the CTNi-cobalt rings and the Ni-200 ring. The magnetic field intensity was calcu-
lated from the dc magnetizing current , the number of turns , and the mean radius. The induct ion field
level was obtained by using these B-H curves for the ring cores, A direct comparison of the variation of
the magnetostrictive parameters of the rings versus induction field is thereby facilitated. All the C’TNi-
cobal t cores have higher levels of saturation induction than the Ni-200 core. The saturation induction
levels for the CTNi-cobalt cores increase with increasing cobalt content.

~~ ANALYSIS

The impedance da ta were anal yzed with a Butterworth and Smith equivalent circuit with leakage
flux correction for a magnetostrictive ring oscillator.

T u e  relationships between stress and strain and between magnetic field intensity and magnetic
induction field for magnetostrictive material are -

B3 = d 33T3 + p~~H 3

S3 = 4T3 + g33 B 3

where

B3 = the circumferential magnetic induction field ,
d33 = the piezomagnetic constant ,

T3 = the circumferential stress ,
= the reversible permeability at constant T,

H 3 = the circumferential magnetic field intensity ,
S3 = the circumferential strain ,

s~~ = the elastic complia nce at constant B.

These relationships define four of the properties of the rings that are sought: p~~ , s~~ , d 33, and g33.

The reversible permeability is obtained f rom a plot of the low-frequency core reactance versus fre’-
quency . The equation for p .~~, where dX ~/df  is the slope of the low-frequency core reactance versus
freq uency, is given by

4~~~~2 
+ ~ iO-~ (~ -

where a is th ( ’ mean radius t mf  the t’ore and N is the number  of l t im. ‘Fhe effective electromechanical
c-oti ~t l i n g  coeffic ie ’rì t  /: is ca lcu la ted  from

1 j~2 X r Q:

where D~ is the diameter of the motional impedance ’ t -ir c ’l e in ohms . Q
~ 

is the q u a l i t y  fac tor of the
I r ansd it m -e ’r . and X~ is t he core r eam -tanc -e at the radial resonance f r equency .  ‘l’he material elc ’c’tro-
mec ha nical coupling coeffic ient k 33 is given by
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2 = k2

1 -- ~(a - - 1)/ la - 1 + ( p ~~ / 4ir x i 0 7 ) J

where a = 4 c~ ’4 O ’ The piezomagnetic’ strain constants and the elastic comp liance are given by

d 33 = 
k 33

-
~~~

d33

P33

~ 
(1 — h~3) A 0

-
: 

= 
2 irMf ~a 

-

Where .tI is the mass of the ring core.

RESULTS

Figure 7 is a plot of the reversible permeability for three different cobalt levels, Permeability in-
creases with increasing cobalt content. Figure 8 shows that the reversible permeability of CTNi-cobalt
(-1-l ~ 2~4 Co) is higher than that of Ni-200. This is also true of the other nickel-cobalt  rings. This result
shows that the CTNi-cobalt rings are magnetically softer than conventional nickel , which we also saw
from the shape of the pri mary induc tion curves, These cobalt-added CTNi rings are unlike the cube-
textu red pu re nickel ring, which had a reversible permeability approximately 507 lower than the con-
~~ntional nickel ring. The higher permeabilities also imply higher blocked reactance values for cores of
the sa me dimensions although they are accompanied by h igher eddy-curr en t losses.
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The differences between the two curves for CTNi-cobalt (4-1/2% Co) are attributed to residual
bonding strains during consolidation , as mentioned earlier . The CTNi-cobait (4 -1 / 2 % Co) alloy is pi~~
ticularl y sensitive to residual strains because of its very small magnetocrystalline anisotropy. The epoxy
used to consolidate the 4-1/2 % Ni-Co OLD core imparted a stress bias to the core that had to be over-
come by the app lied magnetizing field. As a result , its primary induction curve is reduced along with
its reversible permeability. Only the 4-1/2% Ni-Co NEW alloy will be represented in subsequent curves.

Figure 9 is a plot of material electromechanical coupling coefficien t versus bias induction field for
the ri ngs. The electr omech anical coup ling coef f icient s all pea k at between -I and 5 kG. N ote that the
CTNi-cobalt (3% Co) ring gave a maximum value of 0.387 and that the maximum values are approxi-
mately the same regardless of cobalt content. The maximum value of k 3.3 for the (“l’N i-c oh alt alloys is
abou t 50% higher than that of Ni-200. This increase in coupling coeffic ient is due , n ot to the cube
texturing, but to the cobalt addition because the I~33 for cttbe-textured pure nickel was about the same
as for Ni-200.

The piezomagnetic constants d 33 and g33 are plotted in Figs. 10 and 11. respectively. The piezo-
magnetic constant d 33 increases with increasi ng cobal t cont ent , and the CTNi-cohalt ( -4 - 1 2 Co) maximum
value is approxima tely 3.4 times greater than that of Ni-200 , This large increase reflects both the higher
reversible permeability and increased magnetostrictive strain in the CTNi-coba lt materials. Insofar as
d33 is a measure of hyd rophone sensi tivi ty, this im proved level of propert ies enhances the possibility of
using a magnetostrictive transducer in a combined active/passive mode.

The piezomagnetic constant g33, whic h relates the magnetic stress produced by a change in induc-
tion f ield level , is h igher for all the CTNi-cobal t materials , hut it decreases with increasing cobalt content
( fo r induction fields greater than approximately 4 kG). This reflects the increased strain energy density
of the material caused by the cube-on-face texture. Strain energy density is then diminished by adding
cobalt. These dynamic data demonstrate with low-power drive the possibility for increased power-
handling capability of CTNi-cobalt materials. Actual transducer performance at high-power densities can
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onl y be determined by experiments at high-drive levels. These experiments are plann ed in the n ear
future as the next phase of investigation of the cube-textured-nickel  and nickel-coba lt curl-s .

Table II  is a summary e)f material pa rameters at opt imum bias levels. Note that the radial reso-
na nce frequency values of the cores , includi ng the larger Ni-200 core , are wi thin 10% of each other.
The values of Q, or fi gures of merit , decli ne with increasing cobalt  level because of increasing permea-
bili ty, which corresponds to increasing eddy-current losses. Thus ( Ni-cobalt has a broader bandwidth
in air with higher coupling. In water , however , i t is expected that the bandwidth is primar i ly deter.
mined by water loading. In this regard it will he interesting to compare the performance of these
CTNi-cobalt and nickel cores in water at low- and high-power drive levels. The symbol s.~~ is the elastic
compliance of the material and is the inverse of Young ’s modulus . Sound velocity in the material is
the square root of the ratio of Young ’s modulus to density.

Table Ill gives the sound velocities in the nickel-cobalt materials and compare s these values with
those of Ni -2 00. A 17% to 24% decrease in sound velocity is observed.

SUMMARY

The relative effect of adding cobalt to CTNi is qualitatively the same as cobalt additions to con-
ven tiona l nickel. Therefore , the advantages of high .power density and lower sound velocity are com-
bined with increased counling. CTNi-cobalt has hi gher permeability, hig her cou pl ing coefficie nt , and
hi gher piezomagnetic constants than Ni-200. A desired set of properties can be achieved by selecting
an appropriate cobalt level. Of the materials tested , the CTNi-coha lt (3% Co) appears to offer an opti-
mum set of properties over those of conventional nickel in that it displays a higher strain energy density

TABLE I I
Ring Parameters at Optimum Bias Levels

Ring ( kG) (H z)  
________ F ( X  10 12 m 2/ N )

Nicke l-200 4.4 11,511 91 0.263 4.91
CTNi t

1- 1/2% Co 5.0 11,869 55 0.361 6.82
3% Co 4 .3 11,384 20 0.387 7.36
. ) 1 /2 % Co NEW 4.0 10,910 13 0.382 8.70

TABLE I l l
Sound Velocities in the Nickel .Cohalt Rings Compared to

the Sound Velocity in Ni ckel-200

- Percent
- Sound Velocity iRing I Less Than(m/ s)  N i - 2 0 ( )

Ni -kel-200 1 .754

C ’lN i :

1 . 1 - 2 %  ( ‘ C)  3.910 17

:1’-; (‘o 3,7-19 21

-1-I / 2 ’ ;  Co NEW 3M33 2-1
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whi le attaining the highest material electromechanical coupling coefficient (0.387), a 21% reduction in
sound velocity, and a factor of 2 increase in d 33. Furthermore , the CTNi-cobalt (3% Co) is not sensi-
tive to the residual fabrication strains as was evidenced by the CTNi-cohalt alloy containing 4-1 i2 %
cobalt.
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INTRODUCTION TO HIGHLY MAGNETOSTRI CTIVE RARE-EARTH MATER IALS

A. E. Clark
Naval Surface Wea pons t’ -nter
Silver Spring, Mary land 20910

ABSTRACT

Since 1963, it has been known that the rare-earth elements possess extraordinary
magnetostrictions (~ 10,000 X 10—6 ), far in excess of those characteristics of the magnetic
transition metals and alloys. These magnetostrains , however , are available only at cryo-
genic temperatures. Within the last few years , very high magnetostrict ive strains (exceed-

I’ ing 2500 X 10 6 ) have been achieved at room temperature in rare-earth alloys containing
terbium (Th) and iron (Fe). These alloys possess the largest known room temperature
magnetostrictions and maintain the largest known magnetomechanical coupling factor
(k 0.6) over wide ranges in applied field. Recently both posi tive and nega tive magneto-
strictive materials have been examined, In this paper, an introduction to the highly
magnetostrictive rare-earths is given. Measurements on polycrystals and single crystals are
presented. The importance of grain orientation in the fabrication of transducer elements
is established.

INTRO I3tICTION

Whilc ’ the magnetostrictive phenomena of magnetic metals was known for many years , the
importance- of magnetostrictive materials as transducer elements dates to the discovery of the magneto.
striction oscillator by Piercelt and Vincent 2 in 1928. Metallic transducers quickly emerged as cheap,
high-power , rugged devices, far superior to the then available piezoelectri c materials. Their superiority,
however , declined in the 1940’s when an effort to develop synthetic piezoelectric crystals was high ly
successful . Barium titanate and the lead zirconate titanates emerged that possessed lower losses and far
higher magnetomechanical couplings. These materials rapidly replaced the magnetostrictive materials
even though the m agnetostrictive metals remained the most robust and easiest to bond. In view of the
advances in piezoelectric ceramics, a seminar on Magnetostrictive Ma teria ls and Their Application to
Unde r water Sound was convened in 1966 to assess the role of magnetostrictive transducers. The
potential of magnetostrictive ferrites and transition meta~ alloys , such as Ni-Co , Fe-Co , and Fe-Al , was
discussed.3 Again in 1969 a workshop entitled Metallic Magneto acoust ic Materials , was held specifically
to determine the state of the art of magnetostrictive materials.4 At this time the low-temperature
magnetostrictive properties of the rare-earth elements~ were just emerging and were presented in their
budding form .

Extensive research on the magnetostrictive properties of the rare-earth s was being performed in the
early 1960’s at the Naval Ordnance Laboratory by Clark , Bozorth , and DeSavage5 and at Iowa State
University (Ames Laboratory) by Alstad , Legvold , and Rhyne.6 At this time it was widely recognized
that the rare-earths possessed many extraordinary magnetic properties , properties attributed to the
unfilled 4f electron shells. Of particular interest were the heavy rare-earth metals , which crystallize into

•P~.,.s,.nted at the Workshop on Magnet ostric t ive Materials hel under the sponsorshi p of the Underwater  Sound Advisory
( ;n i i ip  and the Naval Research Laboratory, Or lando , Florida , 25 26 February 1976 .

t R i,fi . reflcps le-I ,’d on page 1 23.
I 

~ lir ;.’f discussion (If the rare-earth metals is given by Dr. Timme in his Introduction to the Theme in this issue.

109 UNCLASSIFIED
— ‘- 

I
- .  I~~~~c~~nri’& PAG~~ LANK..NO’l’ FILMED :-

______________  -~~~~~~

- ~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~ ~~ ~~~~~~
- ~~~~~~~~ _ _ _ _ _ _ _ _ _  - - 

-



.-.-, .-.—-— ~~~~~~~~ . ~~~~~~~ ~~ ~~~~~~~~~~~~~~~~~ — - .-.- . 
,-_— .-_--— .

~~~~ 
_ r—__,_

~~~~~~~~~~~~~~~~~~~~~~ 
- . -

~

. 
- - -
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the hexagonal close-packed (n.c .p.) structure and possess unusual magnetic ordering configurations. Huge-atomic moments were found , as high as 10gb ’ which dwarfed the conventional values of O.6p~ and 2 2 p ~for Ni and Fe, respectivel y. Enormous magnetic anisotropies (difficulty of magnetization rotation) werealso measured for these elements. In 1963 and 1964 , a breakthrough in magnetostr ictj ve materialsoccurred with the measurement of the basal plane magnetostrictions of Dy and Tb at low temperatures.These values still remain today the largest known magnetostrictions (~~ 1%). The observed basa l planestrains are 100 to 10,000 times the value of typical magnetostrictions, Enormous magnetic anisotropiesinhibited the measurement of other magnetostriction constants and those of other elements. Effortswere made to understand both the temperature dependences of the magnetostrictions as well as theiratomic origin. 7’8 The application of these materials to magnetostriction vibrators , however , was severelyrestricted because of th e rela tivel y low ordering temperatures of the rare-earths. Only Gd , which isessentially nonmagnetostrictive , possesses a Curie point as high as room temperature.

A search for magnetostrictive materials with high magnetostrictj on at room temperature wasstarted. In this search the highl y magnetostrictive rare-earths Tb and Dy were combined with themagnetic transition metals Ni , Co, and Fe.9’10 The largest magnetostriction by far was found in ThFt- 2 . ’14 Of all the known rare-earth-transition metal compounds , the iron compounds have the largest magneto -striction at room temperature, Of all rare-earth-iron compounds , the rare-earth-Fe2 compounds have thestrongest exchange interactions and the highest ordering temperatures. It is this strong exchange , coupledwith the high concentration of rare-earth ions in these compounds that increases the magnetostrictiveand anisotropic properties of the rare-earth elements , heretofore available only at cryogenic temperatures ,to room temperature . Large magnetocrystalline anisotropies (greater than iO~ ergs/cm 3 ) and magneto-striction constants (greater than 2,000 ppm) persist in these compounds in spite of the high cubicpoint symmetry at the rare-earth site. This high symmetry effectivel y shorts out one of the two magneto-striction constants , yielding a spectacular X 111 >> A 1~ 0 anisotropy, unknown in any other material . 12

This paper presents an overview of the magnetostriction studies of the high ly magnetostrictive rare- -earth alloys , dealing with binary compounds , magnetic anisotropy, the importance of ternary andquaternary compounds , un usual I.~E effects , direc tions for improved material development and fabrica-tion techni ques.

BINARY RARE-EARTH IRON ALLOYS

The first compound found to exhibit a huge magnetostriction at room temperature is TbFe 2 .9’11
This compound still possesses the largest known room temperature magnetostrjction. In Fig. 1 theroom temperature magnetostrict ion , A 11 - A 1 is plo tted aga in st appl ied field H for five Tb~ Fe1 -x samples.All possess unusually large magnetostrictions , The value of A 11 — A 1 denotes the fractional change inlength parallel to the magnetic field minus the fractional change perpendicular to the magnetic field.(In nontextured materi als, A 11 — A 1 = (3/2 , A8.) All thre e intermetallic compounds shown exhibit hugemagneto str icteons : 194 pp m for Th2 Fe 17,  1,040 ppm for ThFe 3 and 2 ,630 ppm for TbFe 2 at 25 kOe(99 MA / rn) .  For a 3 at. % Tb in Fe sample (not shown) the magnetostr ictj on is far from saturation with(A 1 — A 1 ) / H  = 6.5 X 10”°/Os- . Both Tb0 03 Fe 97 and Tb 2 Fe17 display large volume magnetostr ictions,In Tb003 Fe097 , ~~V/ VH = 88 X 10 10 /Oe, in Tb 2 Fe17, Z~V/ VH = 37 X 10”10 /Oe. The Tb-rich alloys,while also exhibiting large magnetostrictions , are substantiall y more rugged in the cast state than are thecompounds TbFe2 , TbFe3 , and Tb2 Fe 17.

Figure 2 shows our earl y measurements of the field dependence of the magnetostriction for theRFe 2 compounds (R Sm , Tb , Dy, Er , and Tm), The outstanding compounds are TbFe2 and SmFe2 .They stand out as parallel giants with room temperature magnetostr ictions greater than 2,000 ppm (fo rSmFe2, A < 0; for TbFe2 , A > 0). This is because of the large magnetoelastic energy of the rare-earthiron alloys (Sm—most prolate in form ; Tb—most oblate in fo rm)7 ’13 and the large iron-iron and rare -earth-iron exchange constants that maintai n the rare-earth sublattic magnetizatio n relatively intact atroom temperature so that the magnetostriction does not fall appreciably from its low-temperature value.
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Fig. 1. Magnetostrict io n of Tb.Fe alloys

The slow increase in magnetostriction with field observed for Dy Fe 2 indicates a la rge magnetoc-ry~.’
tal line anisotropy. In the next section it is shown that indeed the anisotropy is large , with val ues of
anisotropy IKI iO~ ergs/cm 3 at room temperature.

The magnetostriction of ErFe2 TmFe2 , and , to a lesser extent , TbFe2 and SmF’ e2 sat urate at
rela t i vely low f ields , while that of DyFe2 is far from saturation. Because the magnetic moment is
parallel to the [111] crystallographic direction in TbFe2 , SmFe2 , ErFe 2 , and TmFe2 , and pa ral lel to th e
[100] direction in Dy Fe2 , this suggests that A 111 >> A 100 . This is indeed the ( ase as is shown below. 12

The increasing magnetostriction with increasing field in the case of DyFe2 arises from the rotation of
the magnetization away from the easy [100] axes , thereby sensing A 1 ~~~~~ 

whereas the magnetostricti on
of the Tb, Er , Sm , and Tm compounds arises directly from A 111. (A 100 and A u 1  denote the single
crystal magnetostriction constants of cubic crystals.)

In Table I we compare the values of the magnetostriction of some of the RFe2 compounds that
- - 

- exhibit high magnetostriction with those of transition metal s, oxides , and other rare-earth-transition
metal compounds. (Some of the rare-earth me-teria ls are not entirely single phase , and longer annealing
may further increase the magnetostriction.)

Single crystal magnetostriction measurements have been made to identify the source of the magneto-
striction . In Fig. 3, values of A 111 are shown for TbFe2 and ErFe2 . In both crystals , (111] is the easy
magnetization direction. Attempts to measure A 300 with fields up to 25 kOe (1.99 MA/ rn ) ,  proved
fruitless in both cases. Although some rotation of the magnetization away from the easy I 1111 direc-
tion occurs, no A 100 was detected. On the other hand , Dy l’e2 and IloFe2 possess [100] easy . Hence
in these compounds , A 100 is sensed at remanence. Surprisi ~gIy, we find A 100 = 0 ± 4 X 1 06  for
DyFe2 . 12 Similarly, a small value (however , not e-qual to zero) is found for HoFe2 .18 This highly
anisotropic magnetostriction establishes the importance of grain orientation. A poorly oriented poly-
crystal yields A~ 0; an isotropic polyc-rystal . A ,~ = 0.6A l u u  ; and an oriented polycrystal . X~ = A 1 1 1 .
‘l’h e importance of grain orientation cannot he underestimated. The effect is twofold beneficial. An
oriented polycrystal will exhibit , in addition to the obvious increase in magnetostriction . far lower
i nternal losses at grain boundari e s . l o r  a good transducer material we need easy domain wall motion
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Fig. 2. Magnetostriction of RFe2 compounds

and low internal stresses at grain boundaries. The first can be achieved by suff ic ie n tly hig h mate r ial
purity and low magnetic anisotropy, and the second by preferential grain orientation.

An atomic model of magnetostriction , based upon the high symmetry of the rare-earth-element site
in the Laves phase C15 structure , is described in Ref. 12. On the basis of this model , an internal dis-
tortion is coupled to the external t i l l )  strain , yie lding a very large A 111. On the other hand , the high
symmetry shorts out the potentiall y huge A 100 .

There are a total of 15 lanthanide rare-earth elements. In the following discussion we will point
out the ones suitable for magnetostr ictive transduction. In Table II  are listed the rare-earth elements in
order of the increasing number of 4f electrons. (La with no 4f electrons and Lu with a full shell of
fourteen 4( electrons are omitted.) It is possible to calculate the intrinsic (T = 0 ° K) magnetostricti on
of each 3+ rare-earth ion for a particular compound (assuming its existence) given the magnetostriction
of at least one compound (e.g., Tb 3

~ in ThFe 2).  The theory uses the Stevens ’ eq uiva lent operator
method . Using the measured room temperature magnetostriction of ThFe2 and ErF e2 and assuming
single-ion temperature dependences ,8 we calculated intrinsic values of 5,000 X 10-6 and -1 ,770 X ~~~~~~~~
respectively, for TbFe- 2 and ErFe 2 . 21 According to Stevens , the ratio of the intrinsic- magne-tostri ction
of one rare-ea rth ion to another is given by the ratio of csJ (J  — 1/2 1 (r ~ ) where n is the lowest order
Stevens ’ facto r , j  is the ground state angtul ar momentum for the 3+ ion , and (r ~ > is the average radius
sq uared of the I f  elet-tron shell . In ‘I’ahle II , the values of o. , J and (r ~ > are given along wi t h the
calculated values of A 11 I for R Fe2 compounds. Note that the- largest positive magnetoelastic inter-
actions belong to CeFe2, PrF e- 2. ‘I ’ hF e2 , and Dy Fe-2 ; the largest negative interactions oce’Llr in Sm Fe-, ,

UNCLASSIFIED



-
~~~~~~~~~~~~~~~~~~~~~~~~~~ -

. -- -,-
~~~

- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~

_ _ _

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

UNCLASSIFIED M-S RARE -EARTH MATERIALS 113

TABLE !
Magnetostrictions of Some Polycrystal line Materials at Room Temperature 8

Material 106X 3 7J~ Material [ io6x s

Fe _9b Tb Fe2 -1,753
Ni _35b TbFe2 (sputtered) 308
Co _62b Tb0 3 Dy0 7 Fe2 1,068
Sm , Tb , Dy, and Ho ~ 0’~ Dy Fe2 433
Fe304 40d HoFe2
CoFe2 O4 _ 110d ErFe2 -229
Ni Fe2 O4 26d TrnFe2 -123
Y 3 Fe5O12 -2~ TbFe 1 6 Co0 4 1,487
Tb 2 Co17 47 TbFe1 6 Ni 0 4  1,151
YCo3 0.4 85% Tb-15% Fe 539
TbCo3 65 70% Tb-30% Fe 1,590
Th 2 Ni 17 -4 TbFe3 693
YFe 2 1.7 Tb 2 Fe17 131
SmFe2 -1,560

aFro the rare-earth compounds, A 5 denotes (2/3) (A — A 1) at 25 kOe (1.99 MA/m).bSee Ref. 14.
C Nonma gnetic at room temperature.
dSee Ref . 15.
eRef 16.
t Ref. 17 .
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Fig. 3. Magnetostriction of sing le crystal TbFe 2
and ErFe2. For TbFe 2, A 1~~1 > 0; for ErFo2 ,
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TABLE II
Magnetostriction of RFe2 Compounds

X 6C x111 x io6
R ~ X 102 8 J (r ~~ Calculated , 0 K Ex perimental ,

Room Temperature

Ce -5.72 5/2 1.20 6,800 —

Pr -2.10 4 1.086 6,300 —

Nd -0.643 9/2 1.001 2 ,300 —

Pm 0.772 4 0.942 -2,000 —

Sm 4.13 5/2 0.883 -3,600 _2 ,lOOc
Eu 0 0 0.834 0 —

Gd 0 7/2 0.785 0 —

Tb -1.01. 6 0.756 5 000
Dy -0.635 15/2 0.726 4,800 1,260c
Ho —0.222 8 0.696 1,850 185e
Er 0.254 15/2 0.666 -1,770 _300d
Tm 1.01 6 0.639 -4 ,250 —

Yb 3.18 7/2 0.613 -4 ,070 —

8Ref . 13.
b

RCf 19.
CR f  18.d R f  20.
e
Ref 12.

TmFe2 , and YbFe2 . No magnetostriction is predicted for GdFe2 and EuFe2 on the basis of this model.
The elements Ce and Yb are not useful magnetostrictly because Ce is often found in its quadrivalent
state Ce4~ and Yb in its divalent state Yb24 , yield ing zero magnetostriction. The compound PmFe2 is
radioactive , and PrFe 2 and NdFe 2 do not readily form the cubic Laves phase compound. This leaves
TbFe 2 and Dy Fe2 as the two most promising candidates for hi gh room-temperature (positive I magneto-
striction. The- element Dy is eliminated for practical reasons because [1001 is the easy magnetization
direction and A 100 0. (See the following section.) For negative magnetostriction , TmFe2 and SmFe2
appear to be most promising. The compound SmFe2 emerges because of its high Curie temperature and
much lower cost.

Values of A 111 at room temperature depend upon the rare-earth sublattice magnetization at this
temperature. The higher the Curie temperature , the higher the sublattice magnetization and the higher
the magne-tostr iction. Room temperature experimental values for X~11 are given in the table for SrnFe2 .

-: ThFe2 , Dy Fe2 ,  HoFe2 , and ErFe2 ,

As pointed out earlier , the saturation values of rtagu ~tostr iction for a pol ycrystal A~ depe n d upo n
the degree of orientation of crystallites. For isotrop ic crystallite distribution ,

= 
2A 100 + 3 A 11~

5

Because A 1 00 0, it follows that A~ 0 .GX 11 1 . For preferential orientation ,

0.6A 111  < A 4 < A 1 1 1 .

‘I’he values (I f A 3 1 1  (‘an he compared to the value-s for polycrystals in F’ig. 2 and Table- I .
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40 - 
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1

kOej

Fig. 4. Room tem peratu .~ magnetic moment
of single crystal TbFe2

MAGNETIC ANISOTROPY

Magnetic anisotropy refers to the difference in energy required to rotate the magnetization from one
crystalline direction to another cry stalline direction. This energy is often expressed in direction cosines
(aj ’s) of the magnetization with respect to the crystalline axes. For cubic crystals , the lowest order , the
expression is

K = K 1 (a~a~ + +

if K 1 < 0, the energy is lowest when the magnetization points along the [1111 direction~ if K 1 > 0.
[100] is the prefe rred direction of magnetization. When [111] is easy, X 1~~ is sensed at remanence ;
when 1001 is easy, X 1~~ is sensed. The tota l expression for the anisotropy is in genera l an infinite
series. As higher order terms are taken into account , other directions may become easy and the magi~eto-
striction refe rred to that direction is sensed. In some cases (e.g., HoFe2 and some ternary aIloys~ the
easy direction is a function of temperature .

Magnetic anisotropy values were determined both by magnetization measurements and magn etic
torque measurements.22 ’23 Both methods employ single cry stals. Using the former method , tat’

• anisotropy can be calculated from magnetization measurements along various crystallographic dir ect ions.
• This method is useful when the anisotropy is very large . Torque method s are more accurate and arc

particul arly useful for moderate and low magnetic anisotropies. The largest recorded an isotropy of a
cubic crystal at room temperature is that of TbFe2 .2

~ It is negative. The largest known positive
anisotropy is that of DyFe2 . 22 Figure 4 illustrates the magnetization curves for TbFe 9 at room temperft-
ture along the three principal crystallographic directions in fields up to 120 kOe (9.5 M . \ m ) ) ~4 \ ot c
that even at this huge field , the moment cannot he aligned along its hard 1100 1 direction. The an isotr opy
energy is too high . Similar curves exist for Dy Fe2 . For ErFe 2 , the anisotropy at room t emp er at t ir t  is
smaller because of its lower Curi e temperature. However , it becomes enormous at low t emp eratur ts .
Figure 5 shows the magnetization curves versus H for ErFe2 at 4.2 K. From these mea sUrenwflts we
estimate that K 1 (at 4 K) is approximately —5 X 108 ergs/cm 3 , the largest known cubic magnetic at1I ~Ot-
ropy. Comparable magnitudes are calculated for anisotropies of ThFe2 and DyFe2 at this t emperatur e .

Table l i i  lists the anisotropy constants of some cubic metals and ferrites at room temp erature.
Here the large difference between the anisotropies of the RFe2 compounds and the cub ic trans~tiun
metal alloys is clearly shown. In the next section a method to reduce the magnetic ani sotr opy i~
desc ri bed.
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l2~

1lo —
•

~ :: ~i
—
~T

6 0 -  Er Fe 2
= —5.4 108 ergs cm 3

5 0 -
H~ 960 kOe

40 -

3 0 -

I 5,
20 40 60 80 100 120

HikOel

Fig. 5. Magnetic moment of sing le crystal ErFe 2
at 4.2 K

TABLE III
Anisotropy Constants of Some Cubic Metals

and Ferrites at Room Temperature

Material 10 4 K1 (ergs/cm 3 )

Metal

Fe 45a

Ni _5a

70% Fe-Co _43b

65% Co-Ni _26c
ErFe2 -330

• DyFe2 2 ,100
ThFe2 -7 ,600
llo Fe2 360d

Ferrite

Ga044 Fe2 54 O4 _81e
CoFe2 O4 260 f
Co0 8Fe2 2 O4 290g

Co0,3 Zn0 2 Fe2 2 04 150k

a R C ,. 25.• 26.
CR f  27.
d R f  2a
‘~Ref . 28.1Re I . 29.
~~~~~ 30.
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TABLE IV
__________ 

Polarity of X , K 1 and K 2

Quantity 
}_

PrFe2 SmFe2 TbF 9 Dy Fe2 HoFe2 F r F 2 TmFeo ] \hI ’~~

K 2 - 0 + 
J 

- + - + -

MAGNETOSTRICTI ON OF PSEUDOB INARY
LAVES PHASE COMPOUNDS

For many magnetostrictive transducer app lications the figure of merit contains the ratio of the
square of the magnetostriction to the anisotropy energy .4 One therefore looks for materials with small
anisotropy energy, as well as the large magnetostriction. Table IV contains the signs of it , K 1,  and K 2for the RFe2 compounds , from our measurements and from theoretical estimates. The symbols K 1 and• K2 are the coefficients of the two lowest terms in the magnetic anisotropy expression for cubic• materials.

Using this table we can construct pseudobinary compounds in such a way as to minimize the
magnetic anisotropy while maintaining a large positive (or negative) magnetostriction . The procedure is
to select compounds with the same magnetostriction sign (if possible) hut with opposite sign s of
anisotropy. Attractive ternary compounds yielding a positive magnetostriction are Tb 1 _~ Dy~ Fe2
(Terfenol-D), Tbi_ x Hox Fe2 ,31 and Tb i~~ Pr~ Fe2 (Terfenol .P) . The compounds of negative magneto-
striction are Sm j..~ Ho~ Fe2 (Samfenol .H), Sm i~~ Dy~ Fe2 , and Sm i~~~Yb~ Fe2 . In each case .v can he
chosen to maximize X2 1K , where K , equate the sum of the K values.

The largest saturation magnetostrictions have been found in the Terfenol-D and Terfenol-P systems.
The Terfenol-D system has been investigated in detail. Figure 6 shows the magnetostriction of poly-
crystall i ne arc-cast and ann ealed samples of Tb1_ ~ Dy~ Fe2 for fields 10 and 25 kOe (of 800 and 1,990
kA/m).  Near x = 0.7 , the magnetostriction at these fields exhibits a peak reflecting the near-zero
magnetic anisotropy at this concentration. Figure 7 illustrates how the value of the saturation magneto-
striction constant it 111 vanes with Dy concentration. The constant A 111 was determined by x ray tech-
ni ques, using a method develope d to accuratel y pinpoint the value of x for anisotropy sign reversa l. 12

It was shown that the magnetostrictive properties of this alloy system degrade rap idl y as x beco mes
greater than 0.75. This is reflected in the rapid drop 32 of the magnetomechanical coup ling factor /:33 :

x k 33

0,5 0.48
0.7 0.53
0.7-1 0.6
0.76 0.4
0.8 0.23

Tb027 Dy0 73Fe 1g5 is the material presently used in the prototype devices developed at USRD /
NRL , NUC , Raytheon , and Honeywell. Some of its properties are as follows:

• Saturation magnetostriction X.~ = 1,000 X 106  t o 1,110 X 1 06

• dX/ d H  d = 8 X i0~~ to 10 X 10~~ m ,.~\

• Magnetization M = 0.98 T
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Tb 1_ 0 0y 5 Fe 2

0 b 8

I I I
Tb 

~•2 .2 .4 .8 .8 ~ “ 2

Fig. 6. Magnetostriction of Tb 1_ ~ Dy~~Fe 2 at fields
of 800 and 1 , 990 kA/m (10 and 25 kOe )

2~~ ~~~~~~~~~~~~~~~~~~~~~~ T I ~~~~~~~~~~~~~~~~~~

~~~~~

.~~~ 12SO

III

III ,

I I I I -~~~~~~~~~ I L ~1%Fe2 02 0.4 08 ~~

F ig. 7 . Magnetostrict ion constant X 1~~ d~’t er min C d by
x ray method

• Der~ ity p = 9.2 g/cm 3

• Resistivity (ThFe 2 )  p = 60 p~l~cm

• Sound veloci ty ( 16 kA / m (200 Oc))  v = 2 ,300 m1s

• Young ’s modulus ( 16 kA / m (200 Oe) ) E = 5 X 1010 N in i 2 (Pa )

• Magnetonwchanical coupling (16 kAhn (200 Oe) t  I? = 0.52 to 0.6

• Permeability ( 16 kA /m (200 Oc)) = 4

‘fhe’ rnagni ’tostri et ive properti es of a new alloy, I L  -~~ Pr~ F t .  . are now being investigated. ‘ril e
eh ’nwnt I’ r has a huge in t r i n s i t  magnetostr ict ion and is far less expensive than Tb. However , i t does not
erv~t i t I I i z e  in the cubic PrFe2 structure. Figur e 8 shows magnetostri ction versus H for two Tb 1 ~ Pr~ Fe 2
a l l oys . In it ia l  results indicate that only 21Y to :30~; PrF’e2 can 1w added to FhFt ., before 2d phase

I 
~ material  :Ippt ar .., l’he highest measured d constant , dX / d H , occ urs for TI) 0 q Pr 0 ~~‘2 . I )e t e rmin a t ion  of

~i by s ray indicates an almost c ons t a n t  value of A 1 11 for I x ~‘ 0.7. See Fig. 9.
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I I , , ,

H (koe)

Fig. 8. Ma gnetostric t~on of Tb0~~Pc 0,1 Fe2 and Tb oaPs o,2F~ 2 ~~~~~
magnetic fie’d

3,000 I

Two phase
—0-’ Tb 1.1 P~, Fe2

p

2,000 ~i
,
~ ___~ —Tb 1., Ce~ Fe2

S~~~~~~F
’

~~~~

’

~~~c~.

i Sm 1.~ Yb~Fe 2 1  •-.,_

1 ,000 - I ~~~~~~

I I

I I

I I

I . 4 1 l ,i.~~~ I
0 0.1 0.2 0.3 0.4 0.5 0.6

x
l’ig .  9. Ma gneto striction constant 

~~~~ 
for some t ernary ’ra re -ear t h/F e2

compounds. For Tb compounds , ~~~~ ~‘ 0; for Sm compounds , ~I 11I  0

UNCLASSIFIED



-‘-‘I’

120 A. E. CLARK IJNCLASSWIED

TABLE V
Magnetostriction of Quaternary Compounds

Compound J A 111 X 1o~

Tb 0 3 Pr01 Dy06 Fe2 1,750

Tb0 3 Pr0 2 Dy0 5 Fe 2 1,760

Tb026 Dy0 53 Ho02 1 Fe2 1,460

Tb0 23 Dy0 35Ho042 Fe2 1,135

Tb0 19 Dy0 18 Ho063 Fe2 810 - -

Positive magnetostriction pseudobinary compounds containing three rare-earth elements have also
been examined. Two important systems are Pr~Tb~Dy~Fe2 and Tb~ Dy~ Ho2 Fe2 (x + y + z = 1). In
both systems , the two lowest order anisotropy constants can be simultaneously minimized , if necessary .
Values of A 111 for some compounds are shown in Table V. The uncertainty is ±100 X 10-6 . All com-
pounds have [1111 easy.

It is more diff icul t to f ind a good pseudobinary compound to achieve a large A2 / K for negative
magnetostriction. An important compounent , Yb , is not found in the trivalent state . However , com-
pounds can be selected that compensate both anisotropy and magnetostriction. Two important pseudo-
binaries are Sm 1_ ~ Dy~ Fe2 and Sm i_ ~ Ho~ Fe2 . Unfortunately, in this case both A and K 1 have onposite
signs. However , the anisotropy can be compensated with small additions of Dy and Ho , leaving a XI
greater than 1,000 X 10-6 . Figure 9 shows values of A 111 for Smi~~ I1o~ Fe2 . The Sm1~~~l) y 5 Fe2 sys-
tem is not completed. For Sm 1 ~~~~~~ Fe2, compen sation occur s near x = 0.3, where A 111 1,200 X 106 .

In view of this , a bender bar (or magnetostriction mult ipl ier)  configuration composed of
Tho27 Dy0 73 Fe2 ( A >  1,000 X 10-6 ) and Sm0 7 Ho0 3 Fe2 (A < 1 ,000 X 10-6 ) is proposed.

ELASTIC ENERGIES AND THE AE EFFECT

Room temperature sound velocities , densities , and moduli are listed in Table VI for ThFe2 . ErFe2 ,
\ h ’2 . and ThFe3 . Longitudinal and shear velocities were r,ieasured ultrasonically at 7 MHz. The moduli
are midway between thost ’ of the soft rare-earth elements and the stiffer magnetic transition metals such
as Fe and N i .

The moderate magnitudes of the modul i and the huge magn itudes of the magnetostrictions combine
to yield very large magnetoelastic forces and energies for these compounds. Values for A5 ; EA5 : and the
energy density, ( 1/ 2  ) EA~2 , are shown in Table VI. They are compared to those of elemental Ni . a ty p ica!
magnt ’tostrictive material . The quantity EA ç is a measure of the force exerted by a constrained bar of
the materi al that is magnetized to saturation. File energy density,  ( 1 / 2 )KX ~ , represents the amount  of
magnetic energy that can be transformed to elastic energy per uni t  volume of the material.  For Th Ft ~~.
this energy is about 1,000 times that of earlier magnetostrictive materials , such as Ni .

(losely related to magnetostriction is the ‘‘SE effect ”: i.e., the fractional change in \ oung s modulus
Ix’twi ’e’n the magnetically saturated state and the unmagnetized state. Because of the huge magnetos irn -
tive effects in the RFe2 compounds , a large “~~E effect ” at room temperature occurs .36 \~~ observe the
change in resonant frequency at constant current as a funct ion of magnetic field in a thin bar of
r b 03 Dy07 Fe 2 resonanting near 15 kH z.  From this we calculated the corresponding sound velocity and
modulus.  The dependence of Young ’s modulus  on magnetic field is shown in Fig. 10. We find that the
modulus increases by about 1 50% .  This increase is by far the largest known and reflects a sound ve locity
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TABLE VI
Elastic and Magnetoelastic Propertiesa

Property TbFe2 J ErF’e2 [ YFe2 ThFe3 J Ni

u1 (m is)  3,940 4 ,120 4,340 4 ,230 —

~~ 
(m i s) 1,980 2,180 2 ,720 2 ,340

p (g/cm 3 ) 9.0 9.7 6.7 9.4 —

E X 10 b0 b
(N/rn )

A~ X 106 1,750 -229 — 693 33C

EX
(N/ rn 2 ) 17 2 .8 — 9 0.7

EA2 ’2~ X i0~~S 1
3 145 3.2 — 32 0.1(J/m

aRe,. 33.
bRef 34 .
C Ref . 35

change of 60% upon ir ignetic saturation. Thus , these compounds may have poten tial as adjustable
frequency resonators , filters , and acoustic delay lines , as well as for high-power energy converting devices.

Detailed compliance and magnetomechanical coupline ‘rieasurernents are reported by Savage37 and
Tirnme38 in this journal.

RESISTIVITY AND MAGNETORES I STANCE OF TbFe2

The electrical resistivity is an important parameter for many applications. 39 Figure 11 shows the
electrical resistivity of TbFe2 as measured by Savage .39 The transverse magnetoresistivity at room
temperature is almost linear in fields to 800 kA/rn  (10 kOe), yielding ~ p / p H  = 7.5 X 1O~~ rn /A .

FABRICATION OF TRANSDUCER ELEMENTS

Improved magnetic and magnetostrictive properties depend upon grain orientation. This is con-
vincingly shown by A 111 >> A 100. Grain orientation has two profound effects: (1) increased saturation
magnetostriction A5 and (2 ) decreased internal strains at grain boundaries. Tile benefit of the first effect
is obvious. Complete grain alignment would achieve an increase in A~ of approximatel y 5O~~. The
second effect is perhaps far more significant. Presently the biggest obstacles to higher permeability and
coupling factor are the large internal strains commonl y developed at grain boundaries in highly magneto-
strictive materials. These internal strains depend upon the state of magnetization. During the process of
magnetization , internal energies are developed that produce no useful external work. The overall effect
is to degrade the high intrinsic permeability and d constant.

Thus , the method used to fabricate transducer elements , if possible , should he adaptable to grain
orientation . The transducer alloys also should be as free as possible from imperfections , such as voids
and inclusion , that inhibit rapid domain wall motion. Other criteria are low cost;  abili ty to produce
large sizes and various configuration; and , in some cases, the ability to laminate and construct bimetalli c
elements. The transducer elements should also have adequate toughness and resistance to shock.
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It is unlikely that all these desirable features can be embodied in one method . i’owder metallurgy
has the great advantage that it is adaptable to grain orientation and size control. Powder metallurgy
techni ques similar to those necessary here have already been employed for permanent magnet fabrication.
At present vacuum sintering of grain-oriented powders is being performed at the Naval Surface Weapons
Center. Dense materials have already been prepared by vacuum hot press methods at Raytheon. Arc-
plasma deposit ion , another attractive technique , has the advantage of simplicity and ease of laminating.
Ri n gs have been produced by arc-p lasma deposi ti on at Union Carbide . These meth ods , and others. such
as arc-casting, vacuum casting, epoxy encapsula tion , and particulate composites are presently bein g
exp lored and are reported elsewhere in this journal.

SUt .I \ I ARY

The rare-earth intermetallic compounds have opened up a new era in magnetostrictive materials.
• Only a few years ago magnetostrictions of 1,000 ppm were nonexistent. Today we have many materials

with these magnetostrictions at room temperature and above . These materials rely on two highly
magnetoelastic rare-earth elements: Tb and Sm , plus the element iron , which lifts the magnetostriction
to room temperature. Alloys have been developed with couplin g factors equivalent to those of piezo-
elec tric ceramics (k ~ 0.6), far greater than typical magnetostrictive materials. Many static and dynamic
properties of these alloys have been investigated . They i nclude magnetostriction elastic mc ,duli, permea-
bili ty. magnetomechanical coupling, anisotropy, and resistivity. Some prototype transducers have been
designed and constructed .

The rare-earth alloys are not yet optimized for tran :~~ucer performance. New systems are under
investigati on . Giant strides are expected by grain orientation and the reduction of imperfections. Sub-
stantial increases in permeability and coup ling factor are forecast. Toughened samples also appear
i mmin t  nt.

New transduction configurations and methods of excitation are expected to emerge because of Ilu -
new features of ra re-earth materi als. An attractive possibility uses bimetallic stri ps of highly magneto-
str iction materials. One can also envision the possibility of composite tr ansducers containing both
magnetostrictive and p iezoelectri c materials.

Magnetostrictive material s, of course, are not limited to their use in sonar transducers . Valves ,
actuators , and resonators are expected to employ rare-earth materials. As interest in the rare-earth
elements for these app lications grows , the research base will widen and ultimately yield stilt further-
improved materials.
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EX T R EM E L Y  LOW ANISOTRO PY . HI GH M A G N E TOSTR ICTION MA T E R I A LS
IN A QUATERNARY RARE-EARTH—IRON SYSTEM~

N. C. Koon and C. M . Wil l iams
Naval Research Laboratory

Washington , D.C. 203 75

ABSTRACT
-5

We have measured the sing le crystal magnetostriction and anisotropy constants of
a number of compounds in series Ho~Th 5 Dy~ — ,5 _ ,.Fe2, with emphasis em those composi-
tions where the total anisotropy is low enough that the samp les can he easily magnetized in
any crystallograp hic direction. Of particular interest is the composition Ho11 58 Th 0 21)
Dy0 22 Fe 2, where both of the lowest order anisotropy constants are very close to zero.
For this composition the most important factor limiting the low lield magm’tost riction
of a polycrystalline specimen is probably internal strain due to highly anisoiropic
magnetostriction.

INTRODUCTION

One of the central problems in making use of high magnetostrictio n rare-earth iron (RFe 9 ) t inter -
metallic compounds as magnetostrictive t ransducer elements has been that the pure (binary ) compounds
possess ex tremely la rge magnetic anisotropy , which means that hig h magne tic fields are need ed to
achieve large strains in pol ycrystal line specimens. The main successes thus far in develop ing improved
materials have come by combining rare-earth elements that have the same sign of magnetost r iction hut
differen t easy directions of magnetization in the Laves structure. These include combinations of
TbFe 2 ( 1111] is easy ) wi th DyFe 2 (11001 is easy ) ’ and ThFe2 with HoFe9 ( 1 100 1 is easy , 2 Great
i mprovement in the low field magnetostri ctive properties occurs for compositions where the 1111 1 and
11001 di rections are almost equally easy.

For such compounds , however, the magnetic anisotropy is not necessaril y zero , a l t hough  in general
it is lower th an the binary compounds by a considerable margin.  Even fur ther  r educ t ion  in the atli sot-
ropy can he achieved by combining more than two rare-earth e l emen t s . a.s we have shown for the
Ho-Tb-D y Fe 2 system. The anisotropy can he made so low , in fact ,  that  the domina t ing  fac tor affe cting
the low field magnetostriction of a polycrystal  is probably the f;a’t t ha t  the tn agne t os t r i i ’t ion is h igh ly

• anisotropic I X 1 1 ,  I >> ~~ oo l ) ,  resul t ing in large i nt ernal  s t ra in s .

Analysis of anisotropy and magnet ostrict ion data on ternary and q t ia r te rn ary  It Ft ’ . compounds is

si mplified by two important facts . The first is that  the an i s o t ro py  and i iagi ie t o s tr i . ’t io ii are predeim -
ina nt ly single ion in origin , a well-established fat’i . ‘l’he second is that the rare-earth elements in t e r a c t
only with the iron sublatti ce . not with the  other rare-earth e l ement s . 3 ‘l’his i n. ’ ,ni ~ t h a t  a giv e n rare-
earth spire in the Laves s t ruc ture  will contr ibute  essentiall y the sam . ’ amo unt I t he  m ; I g i i i ’ l i / ; i t i o t t  . all ;-
sotropy, and magnetostriction regardles s of which other rare-earths are ri - se l l .  Fhi ~ is not t rue  near
the ordering temperatures (51)0 to 700 K .  hu t for room t emperature  and lwlow i t  should In ’ e)heVt ’( l

extremely well. Once the magnetostriction and anisotropy of I he ~iere (b inary l . i lm,)ound s j r . ’  .‘ s ta hlisliet l .

* Pr,’,..’ ni. d at I }i~
. W orksho p on Magne tostr i. ’I iv , Materials held uniter the spo,is, irs hip iii t In’ I ‘ uo I.’ rw., I .‘r Si II 11,1 ‘Nil v i  .r’.

Group and the Naval Research 1.;ihoratory. Orlando , Florida. 25-26 Fehruarv I
t A brief elise ’ussi , i ,i of the rare-earth metals is given by 1)r , Timme in his Introduction to  the ‘i’h,’m,- in this issu.’ ,

IA. E. Clark , t i P  ( ‘onf. Proc., No. IS , p. 1 (Ii 5 ( 19 74) .
2N. (‘ . Koon , A. I. Schindler , C. NI. Wil l i ams , and F. I.. Carter , .1. . tp p I. Pin’s. 45 . ~:i.slI ( 1  ¶171 .
:lis. NI N;cklow , N. (‘ . Koon , C. M. Williams , liii) .1 . B. Milsi,.in . Pie s ’s, flee ’ . LeO. 36, a:l2 i t
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therefore , the properties of any combina t ion  of them is l inearly proportional to the respective
concent ra t ions .

‘l’he combination lIO x ’l’b v Dy i  - s — s .  Fe2 is a particularl y interesting one because for TbFe 9 1111 1 is
• easy, while for Dy Fe2 and Hei Fe., 1 i0O J is easy . From Mósshauer 4 and anisotropy measurem ents 5 it is

known that as a funct ion of composition Dy5Th I — x  Fe 2 exhibits a transition from 11111 easy to 11001
with no intermediate 11101 easy composition. For hIO x ’I’h i _ x  Fe 9 .  on the other hand , the t ransi t ion goes
from t i l l ]  to 11101 and then to 11001 - From this informat ion alone it is possible to deduce that if
the anesotropy is described by the usual K 1 and K 2 ,  then near the “compensation ” composit ions , K 1
passes throug h zero , while for the Dy~ Tb 1~~ Fe2 system . K 2 < 0 . and for the ll° x ’I’ l ) I _ X FC2 system.
K 2 > 0. Clearly,  b y combining the zero K 1 composition of lIo~ ’l’b 1 -x F e9 and Dyx Tb i — x  Fe9 , it should
he possible to l)rod lece a composition where K = K 2 = 0. ‘I ’his is essentially what  we have been able

~ to show.

Similar measurements as a funct ion of composition have been made of the single crystal magneto-
striction constants , and the values of those constants appropriate to TbFe9 , Dy Fe2 , and HoFe9 have
been est imated.  ‘rhe sign ificant point is that because the magnetostriction and anisotropy depend in
di f ferent  ways upon the angular part of the rare-earth If electron wave functions , the magnetostr iction
can he quite large when the anisotropy is very small .

S INGLE CRYSTAL MAGNETOSTRICTIVE PROPERTIES

‘I’he magnetostriction of a single crystal in the usual expansion is given by

~ X 100 (o 2 + a 2
~

2 + a 2
~

2 ) + ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ +

where the values of a are the direction cosines of the magnetization and the values of ~ are the direction
cosines of the measuring direction. In the absence of high-order terms , the strain along 11111 is de-
scribed entirel y by the term involving ~ I ~~~~ 

and that along 11001 is described entirel y by the term in-
volving X rno . In the event that 

~ ioo = the magnet i ’striction is isotropic in the sense that the
observed strain does not depend on the orientation of the crystal axes . hut  only on the angle between
the measuring direction and the magnetization.

‘rhe highly anisotropie: nature of rnagnetostriction in the Ho~ ’l’b~, Dy 1 — s  - , Fe~ system is i l lustrated
en Fig. 1. where the strain along 11111 in a Hoo 59Th 0 1 q Dy0 2O F e9  crystal is plotted as a funct ion of

• ‘  _ ‘  
‘ - ~~~~~~~~~~~• 

~inW • ,
~~~ a*qi

F’ .g. I . Magnet ostr ict ive st ra ii i  a Ion g the 1 1 1 1  I direc-
tion as , fun ction of Ihe angle hetwe en the li i i  I and
the direction of I he magi c, C i a  Ii, in. The ax is of rota’
tion ii, I I 1 ( ) 1 .

~~~ Atz mony, M. P. Darue’ i, E. R. Bauminge r. D. Lihenhaum, I. Nowik , and S. Ofer , Phy s. ken . 7 , 1220 (19 73 1.
i ’ . NI. Williams and N. C. Koon , i ’hvs. flee ’ , li i i , 4: 1611 (1
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the angle of rotation of the magnetization in the 1 10 plane. ‘l’he peak-to .peak strain is approximately
1200 x 10-6 . When the measuring direction is [100),  however , the peak-to-peak strain is less than
(0 10-6 . which is too small to plot on the same scale. Although A ioo is generally much smaller than

A 111 .  it can be measured reliably in crystals with [100) easy, then extrapolated to hose compositions
where it cannot be measured directly.

In Figs . 2 and 3 we plot the room temperature values of A 111 and A 100 as a funct ion of composi-
tion in Ho 5Tb j ~ Fe2 . Insofa r as it has been checked , the values appear to he in direct proportion to
composition , as expected. One surprising feature , however , is that A 100 appears to change sign between
lIo Fe9 and TbFe2, going through zero at about x 0.83. It is interesting to note also that this is rather
close to the composition where the lowest order anisotropy constant passes through iero.

By taking our results on the low anisotropy composition together with the value of A 111  for
TbFe9 and A 100 for Dy Fe2 measured by Clark ,6 we summarize the room temperature magnetostr ict ion
measurements in Table 1. Because of uncertainties in the extrapolation process , rather large error l imi t s
are quoted .

3000~

~~

2000k

Fig. 2. X~1~ as a function of composition x 2
for Ho x Tb j - v Fe2 ‘ ooo

~~ 0 . . . . 5 . . .~ .f -

0 0 1 02 03 14 05 1.607 08 09 0
T b Fe~

300k
H0 5 1b 1 ,Fe 2

~~~ 200

~ 00 - Fi g. 3. X 1 as i funct ion of com poset ion .~
for Ho ,.T1c 1 ..

~~ 
I.’...

0 

0 01 02 0 3 0 4 0 5  0 6 0 7 0 8 0 9  0
TbFe 2 HoFe 2

L 

‘I ’ABLE I
Magnetostrict ion Constants of Selected RFe 9 (‘ompos i t ions

IloFe9 ‘l’bFe9 Dy Fe 2 I1o~ 55 Tb~1 20 Dy0 22

A 1 1 1  (10~~~) 185 ± 20 a2 I9 ) )  1.060 ± 150 J 82() 50
A 111, ( l O ~ ’~) 59 ± 6 300 ± 100 a Ø ± ‘I 22 ± 10

aFr,,m Ref 6.

6A . E. Clark , ,J. R. Cull.’n , 0. 1). Mi’ Masl,’ rs , and K. R. Call en , ‘l i i ’  ( ‘ on 1. Proi., No, 29, p. 1 1 2  11976 ) .
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MAGNETIC ANISOTROPY

The conventional expansion of magnetic anisotropy energy is

E = ~~~~~~~~~~~~~~~~~~~~ + K 2 a~a~a~ +

where the values of ~ are the direction cosines of the magnetization. Unfortunately the elements of this
expansion do not form an orthonormal set , and if terms of other than lowest order are present , the

• meaning of the various coefficients becomes ambiguous. Because we observed higher order terms in the
• data on low anisotropy Ho~Tb~ Dy1 - - 

~ 
Fe2 compounds , it was necessary to use another expansion set,

the Kubic harmonics 7 :

E = ~~~~~Kt H t .

In this expansion the values of Ht are the Kubic harmonics and the values of ~~ are coefficients anal-
ogous to the conventional values of K. The lowest order term appearing is K4 , which can he iden ti f ied
with K 1 ,  although the correspondence is not exact. Next is K 6, wh ich can be ident i f ied si mila r ly wit h

- K9 .  Higher order terms also appear , although they are less important than K4 and K 6.

In Fig. 4 we have plotted the coefficients K4 and K 6 for HoxTh i~~~Fe2 as t’ function of composi-
tion. The lowest order coefficient K 4 varies very rapidly with composition , crossing through zero near
x = 0.87. The sixth-order coefficient K6 remalns relatively constant , increasing slightly toward the
Ho-rich side of the diagram.

Based on the simple analysis using K 1 and K 2, we ex pected that K 2 an d hence also K6 wou ld
change signs and therefore pass through zero somewhere between the low anisotropy compositions of
Ho5Tb 1_ 5 Fe2 and Dy5Tb 1 5  Fe2 . We assumed that the zero K4 composition of Dy5Tb 1~~~Fe2 occurred
at x = 0.7 , and that the one for Ho~Tb j~~~Fe2 occurred at x 0.86. We then grew a series of single
crystals with compositions defineu 1y

x ( H o 0 8 6 Tb0 1 4  Fe2 ) + (1 x ) ( D y 0 7 Tb 0 3 Fe 2 j -

The results of our anisotropy measurements at room temperature for a series of compounds having
different  values of x are shown in Fig. 5. The interesting data are that for K 6,  which exhibits a linear

I ‘•

L 4 .~ 4 0

30 — ‘3.0 -~

2.0 S’
0

10

~~oo oo Fig. 4.  Ani sotropy coefficients k 4 and v~ for
Ho5 Tb 1_ 5 Fe 2 as a function of atomic Ho
percent

-20 ’

-30  ~~~~~

-40  

‘80 82 84 86 88 90 92
*/ H o

7F. M. Mueller and M. G. Prieatl y , !‘ hys. Ret’. 148 , 638 (1966).
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dro p with x , crossing throu gh zero at about x = 0.32. The data show that K 4 for the measured samples
is larger than K 6 . However , that simply reflects how much the predicted compositions missed the actual

• zero 1(4 li ne. By using the data it is possible to calculate the composition where both 1(4 and ~ 6 are
• zero , as well as the composition lines where 1(4 and ~6 are separately zero. For ease of visualization

these are displayed on a composition diag r am in Fig. 6. The extrapolated values of 1(4 and ~6 for
HoFe 2, TbFe2, and DyFe2 are given in Table 11. The numbers quoted are linear extrapolations of the
data and do not in clude nonlinear corrections due to such mechanisms as magnetostriction. The large
error limits are due again to the uncertainty of the extrapolation process.

By varying the composi t ion , small amounts about the zero composition of Ho 0 58 Th 0 22 Fe 2 , the
anisotro py can be controlled to a remarkable degree . It is possible to choose any of the three principal

-

~~~

S

~0’ 
~, 0 - —~,

‘
‘

S . . . .  E

Fig. 5. Anisotropy coefficients s .~ and ~~ - ~ .
. - .5 .- -~~as a function of composition x , where x is ‘

~.2 20’ ~~.
defined by x(Ho0 80Tb~~14 Fe2) + (I -- x)  “ss
(D yo7Tb o 3 Fe2)

s — c  -

I c  P
7

0 Fig. 6. Locus of 5 4 0 and 5~; = 0 compositions
for tic,’ system I Io5 Tb — ‘  — Fe2

~~

\~~

HoFe2 Dy Fe2

‘r5\ BLF: II
Extrapolated Anisotropy (‘oeffj ci , ’nls ”

for Binary RFe., Compound

L 

L Coefficient IIoFe 2 ThFe9 DyFe9

1~4 ( 106 ergs/cm 3 I ~
- 1.5 9.7 .1 .7

* L~
( 1o4 ergs /cm 3 ) 3. 9 0.3 1O.~~

J
I A pprox i male co mposi I i ,  )fls for s = 0 Ho0 

~~ 
Tb 1> i . F’ .’ 2 and

• Tb,, :3 :> Dy,, 1(7 F’.’ 2 ’ A ppr oxi mate corn Posi I ion or 1)011) 5 0
• . and = 0: 1Io,, 58 ’rh,, 20 Dy,>~~~Fe 2.

• UNCLASSIFIED

_ _  
_ _  _ 

~~ .-~~~~-~~~~~~ .-- -.- -.- -. -. - -- 



•~~~ “— ‘~~ — . ~~~‘—“—‘ ——“-‘-“ 
~~~~~~~ 

‘“r ,’”!~ ~~~~~~~~~~~~~~~~~~~~~ I _,
~ 

_ _ ___‘7__ __ _’~~
_ ___ •_’ —

- . • . .

C 
132 KOON AND W I L LIA MS UNCL ASSIFIED

axis direc tions on the easy direction of magnetization. Because A 111 is by far the largest magnetostric-
tion constant , i t wil l probably be desi rable , for examp le , to insure that in a polycrystalline transducer
element the [1111 is easy.

• SUMMARY ANI) CONCLUSIONS

In the quaternury system Ho~ Th~ Dy 1 -x - ~ Fe2 ,  the anisotropy can he reduced to a rela t ively low
level , comparable to that  of nickel , while retaining a very large magnetostriction. Because the magneto-
strict ion is highly anisotropic , however , it appears likely that in the polycrystalline state the internal
strain energies caused by highly anisotrop ic magnetostriction will be larger than the anisotropy energies.

One possible way of red ucing these internal strain energies would be to use single crystals or
textured polycrystals with the 11111 axes along the strain direction.

I
1=
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MAGNETOMECHANICAL COUPLING . ~ E E FFE CT AND M A G N E T I Z A T ION
IN RARE-EARTH IRON A LLOYS*

II . T. Sava ge
Naval Surface 

~~i’ aI1iCns (‘enter
Silv e r Spring, Mary land 20910

and

W . A Ferrandi,
American I nrv,’ rsIi v

~~..s hi,iiii’’ii I).(’ . 21)11 III

ABS’l’KA(”I’

— The magnet mechanical i’ *u ph ig I I C  0 * 1 * 1 1  high I magni’tost rict ye Tb 1 I)~’ — ‘ [* 2
was determined is S lu nit ion C C I  l v i  field , . a ni l . A u n ic 1 u, met hod for measurement
of the complex 1)erm.’a liii>> V ~ ‘is ills,. I ’ ’ ~ n-, I C ’  t i  nil high coupling I)) I’ ~ /.‘ 0.6 h i s  Pr
a wide range i, I appl i,’d i i i ) u s  C ‘S C  t , i  C C I  C I’ ’ I . . . ic mud ul us at constant field than ges
from I to I 1.0 ‘~~ >0 Pa is hi’ ‘ i ,is ‘ h . C I C ( * c t ro m () 

~~ 
.4 1 hOe corresponding to  a

cha nge in sot init 5,-l o ut g reat .  r ih,iii Ii) : I i n ,  , i C t l  u,f C r 1’ i ’as t rings were also measur ,’d
yielding mag ii*’t* inc. ’clcii * iii’ .it I i  ‘C i  4 C I C I C (  I 

~‘> — , 4 A -.1 ii t s  of the magn i .tiza i i,in prou’ ess
has begun. In si ngli’ C ’ C ’ , s t a l ~~~~~ 2 hi,’ i i . ,  (C u l lS C r , ’  a bout pm wide on a ( 1 11 (1 1 5 U C’ i i i ( ’ * ’
Ili t w0lths ,i ru’ much small,’r in ~i. u I~ i’r~ ’. i .u Ih iuu ~’ ‘ I I~ ,

INTR OE)UC’I’ION

We have previousl y reported I coup l ing  factor measuri .mi’nts in Tb 5. Dy t - I” u ’ 2 .. • 1’ where the values
of x lie lx’twet’n 0 and 1. ‘I ’ht ’ t erm ~1 is a tn, ’~t sur , ’ ( i f  tIn ’ deviation from st i i i i ’ h  ion ii ’l ry. i.e.. ~ 0
designates the st oi (- h l t )m , ’t r i ( ’  compound. ~Ve will  use the fol lowing symbol to designate a p art icu la>-
formula:  Ix . I - x . 2 - ~ I.

Our measured largest value of the coup l ing  factor k 33 was 0.6. This is the largest ever reported for
a magn etostr i i -t ive material . W> ’ stated at that t ime that larger values of k33 would be observed in grain-
oriented matenal. W.’ stil l  h , ’I ievi ’ t ha t  is t rue . ‘l’he paper will  report further mi ’asureim’nts of 1::t~t as
well as in i t i a l  domain stu dies and m at . -na l  preparation techni ques.

APPARATUS i~N I )  I)A’f A A N A L Y SI S

.\ schematic of the measurement apparatus  t s shown in I”i g. 1. I t  is basicall y a syst , ’m to measure
the complex susi - l ’p ti l ) II  i ty  as a func t ion  of frequency. Hecause the p ( ’rm eal ) i l i l  y is so low iii p~~ly-
crystalline material , a separate p ickup  i-oil must he used . ‘I’his avoids t h e  leakage f lux  inher ent  i t i  the
method of Butterworth and Smith .2 ‘l’he operational amplif ier  puts  out the sum of an at’ drive antI a
di’ bias current.

1Pr,.s~nt eu i t  t h, Workshop * in Magnetostrict ye Materials h,’ld u nuler I hi- sponsorsh I’ * * ill>’ Piiui *‘r Wt i t  er SOii nd A 1 is  irs
ruiup and Ihe Naval Ru’seareh I~ihuiratu,ry, Orlan do , Fli,rida , 21 26 F,’hruary 19711 .
brief dis,’ u:,siu un iif the rare-earth metals is g iv, ’ n by I )r Tim mu’ in Ii is In I r,,duct ion lo I he Themi’ in lb is issni’

~tI. 1. Savage , A K . (‘lark , and .t . M. I’u,w ,’ rs . I!’ I ’ ! .  ra~is . .1Ii i , n. rnag.1 1, I III 1 1 9 7 5 ) .
Buttc rw,,rth a nil F. I). Smit h. Proc. I ’h s ,s ,Sor . Lon. 1 :t . t (1  93 I ).
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COUNTER

i’ i~ I. ~.I.’,.,uri’uii* ’ ii I aliparalUs , the sample
slides * n t u u  t he s .’ . I,’ u i . 1 or thu. actual mi-asure’
meni

4 0 r
—‘ —---- .. 1:

:.: 

/ N

~~ 

~~

2.0 

~~~ 
/

2.0 2: HEAt (,iims l

Fig. 2. Impedance circle for Th03 Dy07 Fe2 at a bias
of 150 Oe ( 1 2  kA/m) . The ac drive is 2 O e ( i6 0  A m )
rms. The circle tilts at twice the loss angle ~ 

(~ 
‘~s 10 1.

Two volta ges, one proportional to B and the other to H . are produced . The two voltmeters
measure the magn itude of the two voltages and the phase meter measures the phase ~ between them.
This defines an impedence

z = ~~~~ -

where ~~ 2 is proportional to H , and t ’1 proportional to B. ‘I’he system works for toroids or bars. .‘\

typical set of data is shown in Figs. 2 and 3. Figure 2 is the plot of the real part of Z versus the
imaginary part. Figure 3 is a similar plot of I j Z .  The data that generate most of each circl e come from

• ( Iiff erent frequency ranges. The admittance circle is the easiest to interpret because it is not tilted by
eddy currents and hysteresis. However , it is more difficult to measure , .~~ low-distortion , high-s tability
signal generator is necessary. Our values for l~33 are somewhat higher when derIved from the admi t t ance
circle than those derived from the impedance circle . We have always reported impedance circle values
because impedance circles are usually used in connection with magn etos tr ii ’tiv> ’ transducers. The value
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4.0 - ‘ V

50 60  70

REAL (o hms ” I
Fig. 3. Admittance circle for Th03 Dy07 Fe2 at a b ias of 110 Op.
The same data were used to generate this circle as the one in Fig. 2.

of the admittance & impedance method is that when coup led with a single strain measurement , all the
parameters necessary for a linear description of the material are available. Figure 4 shows the data that
can be gained from impedance and admittance circle data on a (0.3 , 0.7 , 2) bar. The Q value for the
admittance circle is

Io~=
!ly  / 2 v

and that for the impedance circle is

I
2 f f

12z 11z

• Q~ gives just the intr insic material losses while Q2 includes eddy-current and hysteresis hisses .’3 which
ciin a determined from the loss angle ö.

• In our material , liars with a cross section of 0.1 in. (2.5 m m )  on a side have a loss angle of about
10 at 10 k I I z .  Figure 5 shows the resonant frequency at constant B(15 ) and t - u *ns t an t  H(f ,~). This
change in resonant frequency with magnetic field is called the ~~E effect.  It  corresponds to  a change in
Young ’s modulus of I 50’~ , the largest ever reported at room temperature.4 In a magnetostrictive
material.

The determination of the blocked reactance Z 5 is the most d i f f icu l t  part of the analysis. We have
computer routines that make expanded plots of the data. From these we can find the crossing of the
high- and low-frequency parts of the circle and hence Zh .  A computer rout ine is then used to locate th u

3’ ’Magnetostrictiuin Transducers ,” Vol. 13 , National Defensu’ Research Council , I)iv. 6 , DI)(’ Ni,. 7711>11) 1 ) 9 4 1 1 )
1A . K. (‘lark and II. T. Savage , I E ~~K Tra,zs , Sr *nies U!lrn .soti, su-22( 1 I, 50 ( 1 9 7 5 ) .
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Fig. 4 . Coupling factor /733, Q factor , and relative permeability
in Th0,3Dy07 Fe2 as a function of bias field. The three points
for bias OeId less than 180 Oe (14 hA/rn) were measured alter
the bar was shortened from 3.9 to 2.52 in. (9.9 to 6.40 cm).
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Fig. 5. Resonant frequency (at constant induc ’
ti o n and constant field) versus bias field of a
3.9’in. (9.9-cm) long bar of Tb0 3Dy0,7 Fe2 (1
Oe = 79.58 A Im).

u - enter  of the circle. Around resonance (I/fO y ) 2 is factored out of the admittance circle data. This
s ign i f ican t ly  changes the location of the center of the circle.

RES L 1I ,TS ON PRES E NT MATERIA L S

Our metallograp hy has shown considerable amount  of Widmanstatten precipitates. An example is
shown in Fig. 6. We do not know the effects of this precipitate, which we believe to he ThFe 3. It has
masked our efforts to observe domainl.  .‘\ sample used for domain studies was annealed l’or 2 weeks at
1( ) 7F ~ ( ‘  in addition to the usual 1 week at 850~’ (‘. The sample was then cooled to 600° C’ in 3 hr.
This is faster than usual. ‘I’he Widman st~tten precipitate disappeared. W~ bel ieve that its disappearance
was due to the f ast cool rather than th e  long anneal. The sample quali ty was much better than usual.

‘I .
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Fig 6. An example of a Widman s tat ten precipitate is shown in the upper left
corner. It has a cross-hatched pattern with regular angles. The stripes
abo ut 1 pm wide.

We have also succeeded in preparing a high-quality ring (shown in Fig. 7 1 that is 2 in. (5 I ’m) in
o.d., about 1.5 in. (38 cm)  in i ,d., and 1/4 in. (6.3 cm)  thick. 5 An earlier at tempt led to a cracked ring
in which k33 was measured to be 0.4 1. The sample had two resonances (one due to the crack) and
had high eddy-current losses. Wi’ expect the present ring to show a higher coup ling coefficient af ter  a
reduction in cross-sectional area.

In Fig. 8 we see the coupling factor plotted versus relative Dy concentrat ion.  At approximately
(0 .7:) . ( 1 . 27. 2 )  the easy axis  t -hang u ’s from ( 1 1 1)  to ( 100) . This should be the approximate  cOIIt ’e tl-

tration of min imum anisotropy. Because X 100 is so smal l , the coup ling factor diminishes  drastically
when the i’as~

, axis  is ( 100> . ‘I he curve also shows a possible trend toward lower coup ling as the ‘ l i i
content increases. However , we have measured a (0.50 , 0.50 , 2) bar and find it to have a maxi mum
coupling of about 0.5. Wi’ had originally assumed that a lower anisotropy should lead to higher cou-
pling.  The results on the (0.50 , 0.50 , 2)  bar indicate that the trend toward lower 1:33 wi th  higher
anisotropy is not as strong as antici pated . Internal losses in the material may he a strong f u n c t i o n  of
anisotropy. however. The bar with th u ’ highest coupling coefficient had Q.,. = 200 , .1 times as high as any
other at the bias field of max imum coup ling .

Final ly.  w,’ w a nt  to comment oIl the initial results of our domain study. (hi a 1100)  surface in
Dy Fe2 . we f ind  th e  walls !y ing in 11) 0) direct ion with the moment in a ( 100>  d i r u ’c t l t u n ,  l ilt ’
domains are ab out 300 pm wide. This is as seen in Si-Fe. In pol ycrystal l ine and oru ’nted sin gl , ’ u ’ rysla ls
( 0.27 , 0.73 . 2 ) thu  s i tuation is d i f f t ’r u ’nt .  Basically the domains are long and narrow in a lmost  all of our
tu ius , ’ rv at  I C C I 1  . . \ I V  l~ C ’ ~i l width is around 2 pm.  The lengt h seems to hi ’ l imi t ed  onl y liv crystalline
geometry and imperfections.

‘‘ l’ru’i u. ,r, ii I ,~~~
i)

~~~Iu’~~1a .~ u ’ rs ,nul K. I ;su- hn , ’u dn i- r u I  lu*w a Stat,’ l’ u u C v , ’ r s C t v ,
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Fig. 7. Arc-cast ring. ~t has a width of about
0.125 in. (3.2 mm) after grinding

i

~~flhIII
0.30 0.25 0 20

Fig. s . Maximum coupling factor versus Tb-Dy
concentrat ion for Tb, Dy1_ , Fe2
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DEVICE-ORIENTED MATERIAL MEASUREMENTS ON RARE-EARTH/IRON ALLOYS *

Robert W. Timme
Naval Research Laboratory

Underwater Sound Reference Division
Orlando, Florida 32806

ABSTRACT

Engineering application of rare-earth/iron magnetostrictive alloys requires knowl-
edge of the material macroscop ic characteristics that are often difficult to calculate from
the more basic material properties. This is a report on those device-related properties
such as permeability, magnetomechanical coupling, hydrophone factor , high- and low-
power drives, and the ef fects of bias stress . Comparisons are made between nickel ,
Tb-Ho-Fe, and Tb-Dy-Fe alloys.

INTRODUCTION

Recent investigations of the physical propei’t~es of the rare-earth iron magnetostrictive alloyst have
given strong indications that the terbium-dysprosium-iron 1 ~~ and terbium-holmium-iron 4 systems are’
good possibilities for underwater transducer application. However , successful engineering app licat ion of
these rare-earth iron alloys to transducers requires specifi c knowledge of material macroscopic character-
istics that are often difficult  to calculate from the more basic material properties. The purpose of t h i s
paper is to present experimentall y determined values for the magnetomechanical coupling, permeability,
hydrophone constant , effects of low- and high-power drive , and effects of stress . Comparisons will he
made between the Tb-Ho-Fe alloys , Tb-Dy-Fe alloys , nickel , and ceramic. The experimental technique
used for these measurements has been described in another paper. 6

LOW-POWER DRIVE

Probably the most universally accepted characteristic used for evaluation of a material is the cou-
pling constant h 33 because it is a measure of the potential efficiency for energy conversion. The cou-
pling is calculated as follows

* Presented i t  the Wuurkshu p on Magnetostrictive Malerials held under the sponsorship of (hi’ Underwater Sound Advisory
Group and the Naval Research Laboratory, Orlando, Florida , 2 1-2 11 February 197 11.

tA brief dis u’us .siuu,i of the rare-earth metals is given by the author in his Introduction to the Theme in this issue.

1A , K. Clark . “ Magnetic and Magneto elastic Prop erties of Highly Magnetostrictive Rare-Earth/ Iron Lavu’s Phase Compounds. ”
. 4/P ( ‘ uun ( Th’oi’., Ni , . 111, pp. 10 1 5-101 .~ (1974) .

~~~ T. Savage . A. K. Clark . and J. M. Powers , ” Magnetomechanical Coupling and ~~E Effect in lli ,’IuIv Magnetosi rietive Rare

- 
Earth -Fe 2 Compound s . ” !EE F Trans. Magn . mag’ll(S).

‘tA . K. Clark and II. ‘F. Savage , “Gianl Magnetically Induced Changes in the E) 3s t i u ’ Modu li in Th u~ 3 D~’o 7 F,’ 9 .” JEKE Tra,u ~ .
Sonic., ( l llrason, su’22 , 50-52 (1975) .

t i ’ , M. Williams and N. C. Koo n, “ Anisotru ,py Energy Measur ,’ments on Single Crystal ‘Fb iii r,llo ii8~,Fe 2. ” A lP (‘ouu f. &(iC..

No. I S . pp. 1 2 1 7  i ’ 2 .IM ( 197 :) )
5N , C. Ku,on . A. I. Schin dler , 1, M. Williams , and F. I, Carter , ‘‘Magnetostrictive Properties of h o , Rh 1 - . Fe 2 lnle rmeta ll ic

Compoun ds,” .1 A pp!. Phys. 45 , 53119.5)91 (11 )7 I) .
6R. W . Timme , “ Mag netom echan ucal Charac t eristi cs , ía  Tu’rhium-iloimium-Iron Alloy.” -I. .‘lu ’ uuuus i  Siuu ’ .Ini. 59 . 1 1 1 1 - 1 1 1 1

• ( 1976).
.‘ 7R. W . Timm e and N. C. Kot ,n , “ Magnetostrictive Prop erties of Terhium’llolmium’lron Compounds,’’ .! .‘ % C ’, C i u 5 (  . Siu c . . ’ % uui.

58$. S74 (197 1).
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and from independent measurements of the magnetost r i ct i ve  cons t an t  d a3.  the  i n c r e m e n t a l  permeabi l i ty
anti the elastic compliance modulus .s.~ . ‘lie symbols used hu ’re are u - ons i ste nt  with the ‘ ‘ IEEE

Standard on Magnetostr ic -tive Materials. ’

Figure 1 shows the cot ip ling constant for the t e r h i u t n - I i n l m i u n i - i r o n  sy s t e m  as a fun c tion of rare-
earth composi t ion in the region of min imum magnt ’toC rv~ t~u l! nu ’ M I C i S C C I r C , l C v .  l ’orque magnetometry
measurements have indicated a zero first-or d er a n i s o t r o l iv  i i u u ’ f f i u ’i u ’ n t  a i r  a i ’ompo sit ion of 14’; ter-
bium and (‘l G~ holmium , which leads to the expectation th a t  I l u ’  C - u i ( i l u l t i l 1 1  would he m a x i m u m  at that
‘omp osition .~~ \s can I)e seen , this is not the c ase . ‘t he con j d ing  r’ I a - ~ a m a x i m u m  in the v i c in i t y  of

O. ’I.~ for a rare-earth composition of approximately 23’~ te rb ium ai i u l  77’ . h u i l m i u m .  The exp lanation
must include a consideration of the different  amounts  of magnu ’to st ra in  along the ’ differe ’nt crystal-
lograp hic ’ axes as well as magnetocrystalline anisoti- u ) l C v .  For a l loy s  more h o l m i u m - r i c h  than Sh’ - the

1 1) )) are the easy axes of magnetization. For compositions c on ta in Ing  between ~~~~ and ~) () ‘ ho lmium.
the • 110 are easy, and for less than 807’ ho lmium , the 111 are u ’asv. ‘I ’iie magnetostrain is greatest
along the {1 11 } and least along the {100 ‘ . So , if af l i sotropy was low , a ‘I ’hHoFe2 alloy with 111
eas y axe’s of magnetization would exhib i t  a larger d 3:3 and a smaller incremental  permeabil i ty than
woul d an alloy with {l00 } easy axes. This would yield a larger 1 : 1 1  for the more terbium-r i ch  than the
holmium-r ich  alloy. However , the magnetocrystall ine anisotropy energy is at a m i n i m u m  at S(~~ holmium
and increases as the ho lmium concentration decreases. The effect  of the larger anisotropy is to decrease
d : i : t .  whit - h causes a corresponding decrease in 1:33.  The net result of all this is that  the magneto-

• mechanical characteristics improve as the composition moves from h o l m i u m - r i c h  toward terbium-rich ,
htit a peak is quickly  reached as the anisotropy increases very rapidly and i)ecomes dominant .

The niagnetostrictive constant d 33 has a variation wItl ~ composit ion similar to the c urve shown in
Fig. 1, hut  it reaches a max imum at a composit ion of 20’~ terbium and 80% holmium.  The modulus

is relatively independent of composit ion in this range of composition with only a gradual increase of
about 5% to a peak at 15Y ~ terbium and 85% h o l m i u m .

‘I’he magnetomec ’hanic-aI coupl ing as a funct ion of rare-earth composition for the terbium-dy spros ium-
iron system has previously been reported by Savage , (‘lark, and Powers. 2 They found that  with the more
conventional method using impedance loci the t er l ) ium-dyspr osium-ir on system had a peak in coupl ing  at
a composition of about 26Y~ terbium and 7. 1% dysprosium. I have made st ib seqt ient measurements of

04  0 0~~~~~~~~~% 0 0  I

Fig. 1. Magnetomechani u-a l coup ling as a funct ion of
composition for Tb 1 — ,.Ho~ Fe2

M i1’i-hniu ’al ) ‘ uu mm i t l u - , -  u n  ‘Fransduci’ rs and Resuunators of the IEEE Group on Son ucs and Ultrasonics , “IEEE Standard on
\l ,u L’ ui u ’ i ,ust  rh ’t vu Mat. ’ rials Piu’2.t imagnu’tic Nomenclatuire ,’’ IEEE Standard 319- 1971 1 19 71 1 .
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the rn agnetostric -tiv e propc ’rt it’s anti u au ‘U l u t e  -b I . ‘ i ’ h  I ‘ . 1 1  u — lu’ — ’ r i ui ‘ i i  t ) u i  s:i t~1 I k’s supplied by Clark
and havc ’ obtained results i i i  s e ’ r\  ~~h ti .u J ~i u u i i  1 , 1

~\ comparison of the cou~u l i t i g  for t wu ,  J l i t ’\  , ,u r I t t  up t  n i l im rare-earth composition is shown in
Fig. 2. ‘t he prop erti t ’s arc’ f u n c t i o n s  of I l i e  ii ,L~ i I i t  a I las l i i i  I .  whiu ’h  must  he externally applied be.
cause’ the alloys have only a small  magnetic ’ r t ’n ian en u e .  l i e  I li bI .1 I ) y ) )  Fe-i alloy has a max imum /:3:3
u f 0.60 . whic h is to he c’ompar(’d w i l l :  U i ; i  f i r  I I ’ , , ,: I I 

~~ 
Fe’~ and a m a x i m u m  0 .27 for oxide-

annealed nickel .  ‘I hese curves show t h e’ rar e -e a r th  run alIo ~ have a greater potential efficiency for
energy conversion over a wider range of l u l as  fi eld than dot’s ni c kel. The broad peak in the coupling
imp lies th~ t the alloys would retain their  high val u e ’ s u u f  c o u p l i n g  tinder high-power-drive condit ions.

The magnetic permeabil i ty  is important  to the d esigner because it determines the re luc’tan r -e of the
flux path , the amount  of magn e’tic ’ field fr inging ,  and the size of the current- c arrying solenoids in add,-
t ion to affect ing the coup ling constant. Generally, for a given coupling constant , it is desirable to have
as large a permeabil i ty as possible . . \  striking difference is found between Tb-Ho-Fe and Tb-Dy-Fe
alloys, In Fig. 3 is shown the static and incremental , or reversible , permeability of Tb 0 3  Dy 0 7  Fea and
Tb 0 25 Ho0 75 Fe2 , i’he static permeability of the ‘l’b-D y-Fe reaches a maximum of 150 at 15 Oe (1 ,200
.\ m l  is still as high as 38 at 105 Oe (8 .4 k A ’m (  where the Tb-Ho-Fe maximizes at 19. The incremental
permeabilitie s are more similar in general shape , but the value for the Tb-Dy-Fe is again larger .

‘I.

- , Fig. 2 . Comparisu,n of the magnu’tomechanical

~~~~~~~~~ A n ) ) 
magnetic bias

c .

“JO

0,

l”uc ’. :1 . ( .‘uu m ;ia ris u. uui o f ihu - magn et ic ’  ; u e - r u n u ’ u l u I t  as •
a f u ui u ’ t i o n ,,I magneti c- t , . ~ — i e .’ l u l ( 1  Oi’ 79 111 A r n )
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In magnetostrictive materials , the constant d 33 is important for hydrophones as well as projector
app lication. The sensitivity M (ratio of voltage V to incident sound pressure p) of a hydrophone that
uses a sense coil with n turns to detect the change in flux density produced by a magnetostr ictive ele-
ment of cross-sectional area A in the presence of a sound pressure p is given by

M = d 33 c,j nA . ( 2 )

For a hydrophone using a piezoelectric element of thickness ~~, the sensitivity is given by

k M -~~~ = g33~ , ( 3 1

where g33 is the piezomagnetic stress constant. Each of these equations is derived with the assumption
that the sound is incident only on the element surfaces in which the normal is parallel to the direction
of magnetization or polar ization. When this is not the case , the magnetostrictive and piezoelectric ’ con-
stants become more complicated because other elements of their respective tensors are included .

As can be seen from Eqs. (2 )  and (3) ,  the sensitivity of a magnetostrictive or pieioelectric h ydro-
phone depends on ph ysical dimensions and , in the one case, frequency and number of sense coil turns.
These factors make a direct comparison of the two dissimilar materials diff icul t .  The hydrophone
constant , as discussed by Woollett ,9 combines the electrical impedance Z with the sensitivity to provide
a better comparison of the relative merit of materials for hydrophone application, This expression is
given in Eqs. ( 4 )  and (5) and is shown reduced in both the magnetostrictive and piezoelec’tric cases to
the same functional form. For magrietostrictive materials , it is

H = ~~~~~~~ 

~~~~~ V/Pa ~~1/ 2  
- ( 4 )

For piezoelectrk ’ materials , it is

H = ~5/~~ A V/Pa — - ( 5 )

A comparison of the h ydrophone factors for Tb 0 3 Dy0 7 Fe, Tb 0 2 H o0 8 Fe, and oxide-annealed nickel to
that of a piezoelectric ceramic is presented in Fig, 4. Typical values for a Navy Type I ceramic

V

0 
~
‘ ‘ Fig. 4. Comparison of the hydr ophone factor of the

magnetostrictive alloys to that of a Type I ceramic

t~: 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ( 1 Oe 79.58 A/m)

0 
[/

/“~‘s5.~~~ ‘ A rs , ’ J~’d ‘ . h :  

,
0 ?0O 4 (0  E ‘ s r I  ‘ooo

Mo qne!~c b aa  f~eId b e )
.3

9R. S. Woo llett , “Hydrophone Design for a Receiving System in Which Amplifier Noise is Dominant ,” J. .‘ %c uu i u s t . .Siuc Am.
34 , 52 2-523 (1962).
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= 2 .8X 10-10 r n / V  and c = 1.15/ l0’~~ F / r n )  were used in Eq. (5)  to provide a value for the nor-
malization of Eq. ( 4 ) .  The hydr fip hone factor of the Tb-Dy-Fe alloy is considerably larger than for the
‘I ’b-IIo-Fe and nic kel and is shown to he comparable to the -eramic over a wide range of magnetic bias.

High-Power Drive

[nt i l  flow , this paper h a s  dealt only with low-field values of the material characteristics , but  if the
material is used in a sound projector operating under a high-power drive , these characteristics cer tainly
will be’ different.

The room te’mperaturt ’ magne ’toslraj ns of the ‘lb 0 3Dy0 7 Fc’9 and Tb0 3 Ho0~~Fe9 alloys and oxide-
-
~~ annealed nic kel are compare ’d in Fi g. 5. The greater anisotropy of the rare-earth iron allot ’ s is readily

app ar t ’nt  from the more grad ual In c re ase of strain toward saturation; however , the much larger strains
t~~~ i~u lt ’  with the rare-earth iron alloys are evidet it .  The oxide-annealed nickel saturates qu ick ly  to a

• ~t r ain of ;b~ ppm while  the Tb 0 3 Ho0 7 Feo exhibits  a strain of 480 ppm and the Tb 0 3 Dy0 7 Fe 2
reaclic’s a strain of 73( 1 ppm at 1,900 Oe ( 150 hA n i l ,  and both are still  far from saturation.

It is this possibility of large strains that makes the rare-earth iron alloys attractive for underwater
sound projectors . In an app lication as a projector , the alloy will  he placed in a bias field because the
magnetic remanence is too small and the dynamic strain will he produced by an applied al ternat ing
magnetic field, if a value of the bias field is selected and held constant and an alternating field is super-
imposed , the magnitude of the dynamic strain produced at the same frequency has been found to in-
crease with alternating field magnitude unti l  the mean-to-peak magnitude approaches about 80% of the
bias field value. At this point some frequency distortion of the dynamic strain begins to oc c ur. Because
the sound pressure level generated is directl y proportional to the displacement , the rare-earth iron alloys
have significantly greater potential for generating sound than does the 35 ppm max imum dynamic  strain
of nickel.

When the amplitude of the drive field increases , the properties change from their low field values .
and the cumulative effect of these changes can best be shown as the change in the coup ling as is done
in Fig. 6. Different bias fields were selected , and the alternating field was increased from 16 Oe ( 1 ,300
A / m l  rms (the low field value) until mean to peak was 807’ of the bias. Then the coup ling was computed

V

/ 1 ,
• h .~

Fig. 3 . Mag neto s i ra in us a fun ci io n of magn etic bias - - 
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and displayed normalized to the low field valu es as a funct ion of dr iving power also normalized to low
field. ‘l’he result is that the coupling ac tua l ly  increases by 5% to 10% before declining at higher power.

From these high-drive meastirt ’ments of I i i ”  rms magnetostrain . the elastic - compliance constant , and
frequency, and from the mechanical Q, an est imate c a n  he’ made’ of the’ max imum power output  P of
which the material is capable. .\n c’xarnp le of this  power u’apabi l ity is shown in Fig. 7 for a Tb 0 3 lIo0 7 Fea
alloy. The maximum undistorted strain at 159 Hz for a given bias field was used to obtain the power at
that bias. Because the mechanical Q, whic h i nvu u lve ’ s  the engineering app lication and not the material
itself , is involved , the power output  has been expressed in dc’cibels relative to Q u O  W/cm 3 . This rare-
earth composition of 30% terbium and 70’; lmlnu ‘ ‘‘ i l  ., ‘u i ld  hr capable of generating at least 16 dB more
power than nickel and the same amount  of power as generated by a lypt ’ I piezoelectric ceramic’ under a

~20

0 ’  oo ‘~~~ 
“doo

E’ .e r . ,.’

Fig. 6. Change in magnetomec hanicat coupling at high -power
drive for v arious bias fietds . Both drive’ power and magneto-
coupling are normalized to low field operation.
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5 kV/cm rms drive. Based on the greater magnetostrain of the Tb-Dy-Fe as shown in Fig. 5 and also on
its lower stiffness moduli , a power output  curve about 4.5 dB larger can be expected for Tb-Dy-Fe than
that shown in Fig, 7 for the Tb-Ho-Fe.

EFFECTS OF BIA S STRESS

Normally, acoustic elements in an underwater sound projector are biased with a mechanical corn-
pressive stress, This is to prevent the element from undergoing tensile failure at high-drive levels , to
shock harden , and to dampen spurious resonances . Thus it is likel y these alloys will also be bias stressed
in any operational design . For this reason the effects of one-dimensional compressive stress directed
parallel to the direction of  magnetic polarization have been investigated.

The results of the stud y on Th o 3 Dy 0 7 Fe2 are shown in Fig. 8. A constant magnetic bias was
maintained while the samp le was stressed. The results shown are for a 200-Oe (16-kA/m ) bias , hut the
changes appeared to be independent of magnetic bias. The magnetostrict ive constant d33 and the per-
meability ~L 3

7~ decreased while the elastic constant 1/sn and the sound speed increased. The cumulative
effect is that the coupling increases gradually to 1137’ at 17 MPa (2 ,500 psi ) and then begins a slow
decline.

Figure 9 shows the strain produced upon stressing the Tb 0 3 Dy 0 7 Fe2 to failure . Catastrophic
failure occurred without prior warning for two samples tested at almost the identical stress of 500 MPa
(73 ,000 psi). This is about the same compressive failure point as that of a Type I ceramic.

CONCLUSIONS

This paper summarizes the investigation of the magnetostrictive properties of the ternary alloys of
Tb-Ho-Fe and Tb-Dy-Fe as a function of composition , low- and high-power drives , and the effects of
compressive bias stress . The following conclusions can be made:

• The terbium-dysprosium-iron alloy with a rare-earth composition of approximately 307’ terbium
and 707’ dysprosium has been found to have a magnetomechan ical coupling, hydrophone factor , maxium
power output , magnetic permeability, and magnetostrain surpassing the best of the terbium-ho lmium-iron
system. The Th’Ho-Fe alloys were not annealed as were the Tb-D y-Fe , and it is possible an anneal ing
process will impro ve their performance somewhat.

I 1/ , ,,~ I,

Fig. ~~. Effe ’cds of bias s t  ru ss u,n Tb1, •i Dy() 7 Fe2 it 
‘

constant 200-Oe ( 1 6 -k A I m )  magnetic hiss field - -
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• Both the ‘l’b-IIo-Fe and the Tb-Dy-Fe alloys with about 307’ terbium c-an compare favorably
with pie ’zoelec’tric ’ ceramics as a projector material.

• For ma ny reasons , not the least of which is famil iar i ty ,  ceramic’s will  not he rep laced by these
alloys , but a complementary role is quite feasible.

‘ I. ,~~i ,

Fig. 9. Compressive stress -strain to failure
for Tb0 3 Dy07 Fe2
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MICROSTRUCTURE AND MECHANICAL PROPERTIES OF THE
IRON/RARE-EARTH INTERMETALL IC COMPOUNDS

C. Robert Crowe
Naval Surface Weapons Center
Silver Spring, Maryl and 20910

ABSTRACT

The recent discovery that the binary Fe2Tb and ternary Fe2(Tb~ Dyi_ ,~. 1 inter-
metallic compounds possess unusually large magnetostrictive responses makes these com-

U’ poun ds attractive candidates as transducer materi a ls for use in sonar systems. A difficulty
associate d with the use of these materials , however , is t hat in the as-cast and in the as-cas t
plus homogenize d condition , the compoun ds exhibit low fracture toughness.

Typically, alloys have hardnesses in excess o f Rc63 and compre ss ive fracture
strengths ranging from about 80 to 250 MPa. Observations of high sensitivity stress-
strain curves and also fracture surfaces by scanning electron microscopy fail to reveal any
signs of plastic deformation. The alloys fracture during elastic loading with fracture
occurring exclusivel y by cleavage .

Attempts to increase t he fracture toughness by metallurgical manipulation of the
‘I microstructure will be described an d the results of some mechanical working experiments

will be discussed.

INTR ODUcTION

The recent discovery that the binary Fe2 Tht and ternary Fe2(Tb~ Dy 1_ ~~) ints’rmetall ic compounds
possess un usually large magnetostrictive responses has prompted attempts to develop magnetostri ctive
transducers suitable for sonar applications using these m aterials, The magnetostrictive propertic ’s of a
number of the alloys have been described in a series of papers by A. E. Clark , H. T. Savage , and ~J . M.
Powers ,1 4  and app lication of the alloys as sonar transducers has been described in the’ contract reports
of the Raytheon Company. 5-7

A di f f icu l ty  associated with the use of the rare-earth iron compounds is that they exhibi t  low frac-
ture toughness in the as-cast and as-cast plus homogenized condition. Little or no quantat ive work
appears in the literatuze on the mechanicai properties of the alloys. In this investigation , prel imina ry
mechanical properties and microstructures have been studied with the view toward inc reasing the fra c ture ’
toughness of the alloys by metallurgical manipulation.

*Pi.e.sentecj at the Worksheu p on Magnetostrictive’ Materials held unde’r the sponsorship uuf the- Underwater Sound Ath is,,r\

t
(
~

.ouP and t he’ Naval Research Laboratory, Or lando , Florida , 25- 26 February 1976 .
A lur ie ’f discu ss ion u e f the rare-eart h metals is given by Dr. Timme in his Introduction tee the l’heme in thus issue- .

~A . E . Clark . .4 !!’ (S i , u f  Proc., No. 15 , p. 1015 ( 1974) .
~II. T. Savage’ , A. li. clark , an d J . M. Powers , J uiu .c) . Soc. Au cu . 56, Suppl. S30 (1974 ) .
‘ A  E. (lark and II. T. Savage , IEEE Trans . Sonics fJ1tra~ouu. 54-22 . 50 (1 975) .

u li T. Savage , A . F. Clark , and J. M. Powers , IEEE Trans. Magn. mag-Il , 1355 (197 5 ) .
“ .t L. Butler , Initial Bimonth ly Report . Contract N00024-75-C- 61 37 (Rayth eon (‘uu ., Puurtsmuiuth , R I., I ~cLu~ 1 7 5 )
i .t I.. Butler and S .1. Ciosek , Second Bimonthly Report , Contract N00024-7Fu-(’ - 6 t 3 7  ( Rayihe’uen (3, . Portsmue uth , H I.,
,, .July 197 5)
‘.1, 1,. Butle r and 5, .1 . (3os ek , Third Bimonthly Report , Contract N00024- 75-C-6t  37 (Ray(he’on (~uu - Ports mouuih . It I
Sepi l ( 17 3 t
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TABLE I
Nominal Compositions of Fe2(’Ub~ Dy 1 .-~~

) Alloys

Alloy [ Fe(at .%) Tb(at .% ) Dy(at .7’)

23 66.7 9.0 24.3

24 66.1 9.2 24.7

25 65.5 9.3 25.2

27 63.0 10.0 27.0

A.l~ 66.1 9.2 24.7

A~2a 66.1 9.2 24.7

aMelts produced from commercial grade raw materials.

EXPER lMENTAL PROCEDURES

Materials

Alloys use’d in this investigation were obtained from the Iowa State University, Ames , Iowa , in the
form of arc-cast rods. The nominal rod compositions are listed in Table I.

Compression Specimens

Rods of alloys 23 through 27 were gr ound into rectangular cross sections and heat treated at 850 (‘

for 6 clays and slow cooled. Following this , the rods were heat treated at 1,000 (‘ for 10 days and slow
(‘Oolt’d .

Compression samples were cut and lapped to produce righ t prisms with aspect ratios of approxi-
matel y 2.5 to 1. Samples with faces parallel to within 15 arcm iii were obtained by mounting the cut
specimen in a machined V-block and lapping them on standard metallographic equipment until the faces
were flat and parallel.

Compression Testing

The specime’ns were tested in compression using a 10,000-kg floor model Instron testing machine at
room temperature. The specimens were compressed between two hardened steel pistons that slid
acc urately in a close-r itting outer guide cylinder. Accurate positioning of the specimen along the axis of
the ’ pistons was achieved using an alignment disk and two 0-rings . Load was transmitted to the pistons
v-ia a loading train mounted below the moving crosshead of the Instron. The’ loading train was attached
to a stationary Instron FM tensile load cell by means of a pushrod that kept the load cell remote from
the t e s t  assembly. The’ load train incorporated two hardene ’d steel ball bearings , a Brinell plate , and a
universal jo int  to achieve axial loading free from bending moments.

Displacement was measured using two Daytronics DS-200 linear variable differential transformers
(I ,V D T)  attache ’d to the ’ compression pistons by means of rigid horizontal bars. High sensitivity load-
extension curves were plotted on a Hewlett-Packard 7035B x-y recorder. The extension axis signal was
thke ’n from the ’ LVI)T . proe’e’sse’d , and fed to the x axis of the’ recorder to a sensitivity of 2.5 p. This
.se ’ i isl ( i v i t  was rathe ’r u -o itrst’ for the experimenta l setup: its capabilities being three orders of magnitude
more ’ se ns i t ive ’ . The v axis signal was taken from the Instron load cell. The crosshead speed was
S. l1 ‘ 1 0 1  u m  s for all tests. ..\ schematic of the jig and measuring system is shown in Fig. 1.
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DAYTRONICS DAYTRONICS IOOD-71
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Fig. 1. A schematic of the experimental setup
for measuring high sensitivity stress’strain curves
in compression

Load extension curves were reduced to true stress-true strain curves by calculating the stress a
directly from the load F and separating the total length change ~~~ into specimen and machine parts ,
..~ c ., and ~~~~ respectivel y, according to the relation:

= ,
~~,s + ~~t.pf l , ( 1)

Because of elastic punching of the compression pistons by the specimen , ~~~rn is app roximately

~-~~ 0 ( 1 — v ~ )P
+ , (2 )

Eira 2 E~/A7

where P is the load transmitted through the indenter , 
~o is the length of a piston , K is Young ’s modulus

of the piston m aterial , a is the piston radius , v is Poisson’s ratio of the piston material , and A is the ’
c ross-sectional area. The specimen strain e is then calculated approximate l y by

~~~s 1 [ 2P~0 (1 _ v 2 ) P 1
—  - I .  131

~s [ ~ ira 2 E.J ~7 J

RESU ITS

Metallogra phic Examinations

Figure 2 ( a l  shows the ’ microscructure ’ of rod 25 after the 850° (‘ heat treatme ’nt. ‘l’his s t r en - ture ’ .
which is typical of all the alloys after this heat treatment , consists of a partially decomposed de ’ndr it ie’
structure of primary Fe’2(’I ’h0 7 3 1)y0.27 ) dendrites with a divorced tern ary eutectic s t ructure in the’ grain
boundaries. The rare-earth phase is dispersed in the grain boundaries in the form of spheres or s h e e t s .
arel there ’ is a fine ’  dispe rsion of presumabl y nonmetallic inclusions in the primary grains.

t,I icro stru ctur e~s obtained a fter the 1,000° ( ‘  heat treatment we’re somewhat different  . .-~ llovs 2 1 .
2 1 . and 25 e’xh ih ited e’xt e ’nsive grain growth with a distinct Widmanstatten precipit ate distnb ute’ d
throug hout the pr imary grains. Widmanstatten structures result from precipitation and growth of sec ond
phase- p i n  iu le ’s in a dist in c t ge ’ometric morpholo~~’. Therefore , to obtain the ’ Widm anst .aIt e ’n s t ru cture ’  es

t UN C LASSIFIE D
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shown in Fig. 2(b )  from the structure of Fig. 2(a) requires that the rare-ear th phase distribute’d in the
dendrite boundaries go into solid solution during the 1,000° C heat treatment for subsequent precipita-
tion.

After  the 1,000° C heat treatment, alloy 27 showed large rare-earth colonies distributed in the
grain boundaries. The primary Fe2 (Tb~ Dy i .~~) grains had become relatively uniaxial , and grain growth
was not as extensive as in the other three rods. This morphology is shown in Fig. 2(c) .

Scanning electron microphotographs (SEM) of the fracture surfaces of alloy 25 are shown in Figs.
3(a) and 3(b).  As can be seen , there is no evidence of ductile flow associated with the fracture surface—
frae’ture occurring exclusively by cleavage. Figure 4 is a SEM of alloy 27 showing the rare-earth phase
dispersed as spheres.

Uniaxial Compression Tests

Stress-strain curves for the alloys are shown in Fig. 5. As can be seen , the modulus of all alloys
increased with increasing stress. Alloys 23, 24 , and 25 exhibited a final modulus of 2.9 X 1010 Pa at
the highest stress levels. This compares with the value of 4.5 X 1010 Pa measured by Savage , Clark ,
and Powers4 in magnetomechanical coupling experiments. Alloy 27 did not attain the degree of stiff-
ness exhibited by the other alloys , its final modulus value being 5.95 X i09 Pa. This allows exhibited
ideal elastic-plastic behavior , which is interpreted as grain boundary sliding rather than true plastic
deformation of the Fe2(Tb~ Dy1 -~~

) matrix.

The compressive fracture strength as a function of the atomic percent excess rare-earth is shown in
Fig. 6. Here it can be seen that the strongest alloys contain approximately 1.2ci excess rare-earth .

Microhardness Results

In recent years a great deal of progress has been made in assessing the elastic-plastic behavior of
materials, particu larly brittle materials, by anal ysis of indentations produced during hardness te sting. 5- 9
The’ basic concepts are schematically shown in Fig. 7. It is assumed that the dark region A below the ’
indentor has spherical symmetry that exerts a uniform hydrostatic pressure on the dotted surrounding
area B. The region B is considered ideally plastic and constrained by the elastic matrix. If Y is the
yield stress of the indented material, then

~
°O IE\

= h
~~~

1(const), 14)

where P 0 is the mean contact pressure , h ( E / Y )  is a slowly varying function of E l Y , and F is Young ’s
modulus. Now P0 H , the hardness number , and H , according to Gilm an. 9 is related to the  shear st t f f -
ne ss on the ’ glide plane’ G~~ by the relation

!1 0.l67 Ggp . ( f ~)

The’ critical resolved shear stress Tgd is given approximate l y by

r~~ 0 .043 Ggp. ( I i )

lawn and H. W ilshaw , .1. . t j , t , -r Sc u .  10 , 10 -19 ( 1 ¶1 7%).
~J .J. (;~lm~~ .-’ ..lpp!, !‘ !uvs . 46 . l - i 3 %  ( 1 9 7  ~
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Fig. 4. SEM of the fracture surface of alloy 27 showing the rare-earth phase
dispersed as spheres
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Fig. 6. The compressive fracture strength of Fig. 7. A schematic of the model for a hardness
Fe2(Tb~ Dy1_ ~ ) a lloys as a function of excess rare- indentation
earth content

Therefore , the yield stress in uniaxial compression a.,, is expected to he. rough l y,

= 2 Tgp 0.515H.

Converting units , u~, = 3,936 MPa for the 780 DPEI hardness measured on all the l-’eo(Th ~ Dyi~~~) a l loys
studied in this investigation. This compares with measured fracture strengths of about 250 MPa for the ’
strongest of the alloys investigated.

.\ complication that accompanies this type of analysis is that the inelastic material suffers a
permanent deterioration during a load-unload cycle. Therefore , a re’sidual stress field remains in the
unloaded solid after indentation. This stre ’ss field will generally contain significant tensile ~omponenLs
that can cause fracture during unloading. Such a c ase is shown in Fig.  S .

Furthermore , if the indenter engages an existing microcrack in the material during loading, the
specimen may fracture before a fully developed impression can be made. The regularity of the impres-
sions observed in this study suggests that this was not a problem even though metaliographit - observations
sometimes revealed microcracks.

Swaging Experiments

Swaging e’xperiments were carried out using rods .- \-1 and .- \ -2 .  i’he’ rods we -i - I’ spar k machined to
cylinders of approximately 0.51-cm diameter , and the ’ ends were squared off .  Close tolerance hole ’s were
drilled into lengths of high-purity,  1.27- c’m-diamete’r a luminum rods. ‘I’he a l loy s  were f i t  into the ’ hole ’s
and sealed with an a luminum plug that was epoxied into place. The parts of the ’ assembly are shown in
Fig. 9.

Two swaging experiments have been completed to dafl ’ . The first , on rod .- \ -1 , Was performe ’d cold
with the assembly being reduced from 1.27-cm diameter to  0.622-cm diameter in several l)asS(’S at room
temperature. The second experiment was performed war m , with the ’ assembly conta ining rod .\-2 being
reduced from 1.27-cm diameter I I )  1.143-cm diameter in two passe’s II 3~~() C. Following the’ swag~ng .
the assembly was glve ’n a stress relief anneal at ~()( ) (‘ for 21 hr in an inert a tmosp here ’ and was slow
cooled over -18 hr to room temperature.
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Fig. S A photomicrograph of a hardne ss indeniatuon in alloy 27
(NitaI) after the 850 ( heat treatmeni I350.~
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A radiograph of the results of the first swaging experiment is sho~’n in Fig. 10. Some breakup of
the rod occurred; however , some sections of the rod swaged to reductions in area in excess of 100% with
no signs of intern al cracks. A complication did occur , however. When the can was removed , the com-
pressive stresses were relieved , causing the alloy rod to fracture .

The second swaging experiment was performed on rod A-2. In this experiment, the assembly was
radiographed before swaging and after each of two passes. Again the rod broke in several pieces , with
three fractures occurring after the first pass and one additional fracture after the second pass. Again ,
swaging was achieved with approximately 15% reduction in area. Following the second swaging pass,
the assembly was stress-relief annealed at 5000 

C for 24 hr and was slow cooled .

DISCUSSION

A The results of this investigation indicate that the most probable method of increasing the toughness
of off-stoichiometric Fe2(Tb~ Dy 1_ ,~) alloys is to obtain grain refinement. Although some increase in
toughness results fro m structures that are rare-earth rich , this method is significant onl y with excess rare-
earth concentrations of at least 3 at.% - There is considerable sacrifice in the compre ssivo strength of the
material when the rare-earth-element content is increased, with the fracture strengths decreasing from
approxima tely 250 MPa at 1.2% excess rare-earth to 80 MPa at 3.7 at.% excess rare-earth . The strain to

‘5 - fracture , however , increases from 1.2% to onl y 3.2% with the additional rare-earth . This is equivalent to
an increase in toughness of approximately 25%.

The basic problem stems from the fact that the Fe2(Tb~ Dy1~~~) intermetallic structure is inherentl y
bri t t l e ’ . Fracture strengths on the order of 1/16 of estimated flow stress are observed with cleavage
fract ’ire’ occurring during elastic loading. Grain refinemen t should be effective in increasing the fracture
strength to flow stress ratio to some extent , and , therefore , the resistance to cleavage fracture should
increase - 1 0

The ’ purpose of the swaging experiments was twofold. First , because fracture does not occur under
sufficient  hydrostatic compression , swaging the Fe2 (Tb~ Dy1 -.~~ ) while encapsulated would demonstrate
the’ plastic properties of the alloys. This was demonstrated. Second , if plastic deformation could be
induced , the possibility exists for obtaining grain refinement by recrystallization of the plastically
deformed matrix.  This possibility is currently being investigated.

CONCL USLONS

The conclusions derived from this work are as follows:

• Adding excess rare-earth elements to a Fe2 (Tb~ Dy 1 .-~~) matrix toughens the alloys to a
limited extent.

• Off-stoichiometric Fe2(Tb~ Dy1~~~) alloys can be plastically deformed under sufficient
hydrostatic compression.

• Fe2(Tb~ Dyi _~ ) alloys fracture by cleavage under uniaxial loads.

• The high-stre ss elastic modulus decreases by roughly 35% when the alloys are mechanically
constrained.
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AVAILABILITY AND COSTS OF RARE-EAR TH METALS—
ESPECIALLY THE HEAVY LANTHAN IDES*

K. A. Gschneidner , Jr.
Ames Laboratory-E RDA and Department uuf Materials

Science and Engineering
Iowa State University

Ames, towa 50011

ABSTR A~~

All t he rare-earth elements fall into the 50th percentile of the abundances of the 83
naturally occurring elements. Projections of consumption patterns , known resources , and
ex pected new rare-earth-element deposits indicate that it would take at leas t 200 years
before a crisis similar to the recent petroleum and natural gas “shortage” would occur in

L the rare-earth industry. The cos t of rare-earth materials has been on a downward trend
for many years, but a leveling off and some increases have been seen in recent years.
Future costs depend upon inflation and demand. Substantial decreases could result If a
large market developed for one or two of the heavy lant hanide metals.

ABUNDANCES

The abundances of about half the 83 naturally occurrin g elements 1 are shown in Fig. 1, and it is
seen that the 16 rare-earth elementst fall into the 50th percentile. Ce, Cerium , which is the most
abundant , ranks 28th and thulium , Tm , the least abundan t , ranks 63d. Collectively, if the rare earths
were considered as one element , they would rank as the 22d most abundant (the demarcation line of
the 75th percentile lies between the 21st and 22d elements~. As a whole the heavy lanthanides , Gd to
Lu , are less abundant than the ligh t lanthanides , La to Eu , and thus are usually more expensive .
Furthermore , the even atomic number metals (Ce , Nd , Sm , Gd , Dy, Er , and Yb) are more abundant
than their neighboring odd atomic number elements (La , Pr , Pm (which is radioactive ), Eu , Tb , Ho , Tm ,
and Lu). These variations will show up in the prices of the metals , which will be discussed later.

Thus, just from a point of view of abundances , one would be tempted to conclude that there are
no availability problems with the rare earths, as there are many common elements (Hg, Cd , 1, and Se,
for example) less abundant and several more (W , Mo , Sn , Ge, and Pb) just as abundant. But there are
other factors that also need to be considered: whether there are viable deposits, the amount of rare
earths available in these deposits , and their current and projected consumptions.

CONSUMPTION

In 1973 the worldwide consumption was 27 ,000 metric tons of rare-earth oxide equivalent, and the
known deposits contained at least 17 million metric tons of oxide . If the world consumption remained

L 

constant in the 1973 level , it would take about 625 years to use up these known deposits, assuming

•Presented at the Work s hop on Magneto atrict ive Materials held under the spo nso rsh ip of the Unth- rwate r Sound Advi so ry
Group ar.d the Naval Research Laboratory. Or lando . Florida , 25-26 February 1976.

t Furt her discussion of the rare-earth metals is given by Dr. Timme in his Introduction to the Theme in this issue.

1V . V. Cherdyntsev , ,1 bundances ,,f ( ‘he ’m.cal Ele-rne-nfs ( Univ. of Chicago Press, Chicago , 1961).
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ABUNDANCES OF NATIJIQLY OCCURRING ELEMENTS IN THE LITHOSPHERE
PERCENTILE 25% 50% 75%

Dip,

RARE Ho,Eu ScV Sm Nd
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I I I ll~COMMON Hy Cd B’ I Se W MoB Sn GeTh Pb Co Li AZn r Ba S C
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Fig. 1. The abundances of some of the 83 naturally occurring elements.
hi’ For clarity the 12 most abundant element-a, the 14 least abundant elements ,

and a few others in between have been omitted.

there would be no recycling of used rare-earth elements. But because the rare-earth consumption has
increased at an annual rate of about 15% from 1965 through 1975 (the growth rate was about 20%
through 1973, but the worldwide recession of the last 2 years has reduced this growth), one can easily
show that all the rare-earths would be consumed by 2019 if the growth rate remained constant at 1 5<~,
if no recycling occurred , and if n o discoveri es of ne w rare-earth deposits were found. In approaching
the end of the rare-earth supply, the firs t two assumptions would no longer hold. That is , the growth
rate would le’vel off and decrease and recycling would be prevalent , thereby pushing back the predicte’d
“day of exhaustion. ” Finally, the last assumption is also incorrect , because new deposits are bein g
found and will continue to be discovered for many years to come as the use of the rare-earth elements
continues to grow. Indeed , between 1970 and 1974 the known resources in the world increased by 83<~ -

Furthermore , these figu res do not include mainland China , according to recent information published in
Peking has the largest known deposits of the rare-earth elements in the world. 2

All realist ic projections indicate that the rare-earth industry is at least 200 years away from a crisis
similar to that experienced by the world in i~s use of petroleum and natural gas. And the “day of
exhaustion ” is still beyond that.

Although the consuippt ion of the ra<e earths is in the tens of thousands of tons per year , about
99’~ by weight, of the rare-earth elements used is in the mixed or unseparated form , while 117 by weight
is used as individual  elements. In dollar amounts , the two (mixed versus separated) are about equal.

‘I’he nature of rare-earth applications is changing rap idly. In Fig. 2 it is seen that more than 5017<
of the rare-earth-element usage in the early 1970’s is based on new developments since 1960 (shaded
areas in the figure).  Furthermore , a large change in the relative portions of the various markets occurred
between 1970 and 1972. Although the fraction of the total market has decreased for glass polishing
compounds and catalysts , the actual consumption for both increased in terms of the total amount  of
oxide ’ sold. These rapid changes in the nature of the rare-earth markets also adds to the uncer ta in ty  of
any projections one attempts to make about future  trends.

RARE-EARTH SOURCES

l’he two major sources of the rare-earth elements are ha stn asi te ’ (a  fluoroc -arb onate ) and monaz ite
(a phosp hate).  Most of the hastnasite used in this country come’s from M t .  Pass . Calif . ,  which is 55
mile ’s (88 k m )  southwest of Las Vegas , Ne ’v . Monazite come’s from heat h sands ( Ind ia , Brazil . and
A u s t r a l i a )  and as a byproduct from i lmeni t e  m i n i n g  in the southea.stern part ol the United States . The
rare-ea rth distribution in these ’ minerals is shown in ‘l’ahle I . It is seen that both these ores have low

2fl1( .Ve,i ’.s 1 1 4 1 )  ( Rare’-Earth lnformati.,n Cente r (Rl(’ t . Iowa SIni,’ Univers ity , Ames . Iowa 50011 , Mar. 1976). [A  brief
summary is given in l?I(’ .\ eu-s ; the’ complete’ ar lu- le’  len English) is available ’ from Rl(’ and may be obtained by writing the
cente r re.(1(ii.st lng a copy of ‘‘China Develops Rare’ Earth lndu’.irv, ‘‘I
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a Fig. 2. Consumption of rare-earth elements in 1970 and t972. The ithaded areas are new maior developments smee 1960.

TABLE !
Rare-Earth Content of Source Mineralsa

Bastnasi te , Monazite , Xenotime, Uranium Residues ,Rare Earth . - - -California South Carolina Malaysia Ontario , CanadaElement 
((7 ) (°/ ) ( 7 )

La 32.0 19.5 0.5 0.8
Cc 49.0 44.0 5.0 3.7
Pr 4.4 5.8 0.7 1.0
Nd 13.5 19.2 2.2 4.1
Sm 0.5 4.0 1.9 4.5
Eu 0.1 0.17 0.2 0.2
Gd 0.3 2.0 4.0 8.5
Tb 0.2 1.0 1.2
Dy I 1.3 8.7 11.2
Ho ( 0.1 2.1 2.6
Er ~ 0.1 0.5 5.4 5.5
Tm — 0.9 0.9
Yb I 0.2 6.2 4.0
Lu ) — 0.4 0.4
Y 0.1 3.0 60.8 51.4

a F Ref 3.
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Fig. 3. The prices of one of the major rare-earth
metal producers for four rare-earth metals from 1963a 
to 1975. The prices are for the ingot forms in i-lb
(0 .45-kg) lots . The dashed lines indicate what the
prices would be if they has risen with the rate of
inflation since 1971 assuming an annual rate of $(7 •
Note: Substantially lower prices may be available for
large quantity purchases.

‘ c’~ncen tration s of the heavy lanthanides and yttrium; generally they are not processed as a sourcer,-iaterial for the heavy lanthanide’s and yt t r ium ( Y ) ,  although motlazite ts richer in tht’se’ elements than
Lastnasite by a factor of about 15.

‘l’he major sources of thc ’ heavy lanthanides and yttr ium are xenotime’ (a phosphate ’)  and uranium
mine tai l ings . The largest xenotime mining operation is in Malays ia , and the ’ rare-earth elements
obtained as byproducts from ur anium mining  come from Canada. The rare -earth-eleme ’nt distributi ons
in these two sources are also given in Table I . The estimated re’serves of the ligh t rare earths in the
t n it e ’ej  States are ’ about 5017 of the world’s known resources (exclusive of mainlan d ( ‘hina),  hut  those’of the heavy lanthanides 3 constitute only 1217 .

PRICES

The pnc’es of rare-earth mater ials decreased sign i fie ’antl y in the 1950’s, and sorne ’what more ’ graduallyduring tht ’ 1960’s, hut  e’ssentiall y remained constant iii the’ 197 1) ’ s. The’ large ’ drop in pnce’s in th e ’ 1950’soccurred because the rare ’ earths we’re being se’parate’d commercial ly for the first time on a large’ scale’-: during th e ’ de’c’ade . In the’ 1960’s the ’ pth’es approached their  m i n i m u m  value ’s as production , e’ffic iency .and competition all increa.se’d. The var iation in price’s for four rare-earth me’tals (cheap: (‘e’; e’x pe ’nsive’Tb; and inte ’rme ’diate ’: Ho and [)y )  from 1963 to 197 5 is shown in Fig. 3 . If one takes into ac countin flation ( dashed lines in Fig. 3) , the rare-earth metal s are a c t u a l l y  che ’aper in relation to the’ re’lative’worth of the ’ dollar today than they were in 1971. i’he price ’s in Fig. 3 are for the’ ingot form. ‘l’hc’prices for other forms (such as powder , chips , and distilled ) vary, generally upward A more ’ completelist e,f the ’ current range ’ of prices for the’ Ingot and distilled forms is given in Table’ 11 . In general , the ’disti ll e ’d metal is pt irer than the ’ ingot .  The’ heavy lanthanid e ’s , Y , and Sc (sc andium ) dissolvc’ appre’ciableamounts of l a  (t an t u l u m )  when they are’ prepared , and tiie’y can he’ puri fied from Ta by d i s t i l l a t i on .The l i gh t  Ianthanides , l ,u .  ( c , Pr , an d Nd , do not dissolve ’ nearly as mu -h Ta and thus do not need tohe puri f ied by distillation. That is indeed fortunate ’ hec’ause they have ve’ry low vapor pressures, and

3”Trends in ( sage’ of h are Earths. ” National MaIe r , 1e1s Adv isory Board. National Research ( ‘ouncil Report NIIAH 21ie;
I ( ) - I  I 9 7 I I 4 .
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TABLE II
Range of Current Prices of the Rare’Earth Metalsa

Rare Earth Ingot Distilled
Eleme nt  ( $/ lh )  ($ / lb)

La 50-160 b

Ce 50-160 b
Pr 170-310 b
Nd 110 - 230 b

Sm 155 - 530 145 - 460
Eu 3,000 - 5, 530 2 ,500 - 5,050
Gd 220 - 460 1,050
Tb 850 - 1 ,610 1,6 0 0 - 2 ,520
Dy 130 - 500 300 - 560
Ho 300 - 800 700 - 1,020
Er 160 - 480 380 . 620
Tm 2,600 - 6,050 2,400 - 5,500
Yb 240 - 500 225 - 440
Lu 6,000-11 ,100 12,480 - 23,700
Sc 3,000 - 6 ,420 5,500 - 5,850
Y 150 - 330 7 7 0 - 1 ,140

aQaimed by vendor to be 99. 9% pure. This generally
means with respect to all metallic impurities only. In
some cases this may mean onl y wit h respect to other rare-
eart h elements. The presence of nonmetallic impurities
are usua ll y not specifie d. No te - Su bstantially lower prices

b
may be available for large quantity purchases
Not distille’d.

distillation temperatures would hav e to he’ above 2 ,000~ (‘ . Although rare-earth me ’ta ls are available ’ as
chi ps and powders , the author does not recommend the purchase of the metals in these form s )e ’..a usc
the rare-earth metals oxidize quite readily. e’spe ’e’ially the first  four . La , (‘e’ , Pr , and Nd , and the powder
and chips may have an appreciable oxide c ontent (tip to  as high as 50 17) . If one’ needs powders ( I r  chips —

it woul d be better to purchase the ingot or distilled form and then form the’ po’,~ de ’r s or chips in an inc’rt
atmosphere (He or Ar) just before use.

It is diff icult to predict future prices , but with continued inflation there ’ is l i t t le ’  l ikelihood of ;et iv
decreases in prices. Most likely they will rise , hut  probabl y at a slowe’r rate ’ than the ’ rate of in f la t ion .
If a large demand for the heavy rare.earth oxides developed , a substantial de ’e re ’ase’ in the ’ price’ of the ’
oxide would result , hut this would cause only a minimal reduction in the ’ price ( i f  th e rn e ’t al . In ~e’ ner al .
the oxide cost is 1/2 to 1/3 of the ingot metal price and 1 I to I (4 of the ’ & l t s t  tiled me ’ta l pric e’ . For the ’
heavy lanthanides this translates into a $100 to $350 cost to pre’pare 1 lb (0.4 5 L gt  of metal in the ’ ingot
form and a $250 to $1,000 cost to prepare the same’ amount of distille ’d me ’ta l. For the ’ ve ’ry e’xpensiv e
rare-earth metals, Sc , Eu , Tm , a nd Lu , the metal-making cost .s are’ m u c h  higher. If . howe ’ve ’r . a large’
demand ari ses in the future ’ for the heavy rare.earth metal s, a significant decrease in the’ price c ould be
realized if the process was scaled up for more efficient operation. Indee’d . both the ’ oxide and me’tal
price would fal l , leading to a “double ” reduction. A large-scale’ produe ’tion operation ( 1 to 10 lb (0.45
to -1 .5 kg) per day ) could lower the’ price to about $50 pe’r pound ( S i l l  pe’r kilogram) for preparing
the metal in the ingot , and perhaps to as low as $100 per pound ($222 per ki logram) of dist ille ’d me tal.
Large price ’ reduct ions for the light lanthanides are not as likely because La and Ce are’ being mari o-
factured on a fairly large scale already.

This analysis is based on the assumption that the ’ demand for the rare ’ e ’arths is “unbalan ced . ” By
“unbalanced ,” it is meant that a pa rticular rare-earth element is produced by it.se’lf to meet a certai n
mark et without assured sale’s of associated rare-e arths. In general , this is the condition of today ’s marke ’t.
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If , however, the demands should become “balanced ,” all the individual elements would bear the cost ofseparation from one another , and , as a result , the oxide costs might be reduced by an additional 25% to50%. In general , such a market situation would be unusual and is not likel y to occur. If it should occurit would not be likely to remain that way for long because of new technological chan ges and advancesinvolving rare-earth materials.
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DEVELOPMENT OF TWO RARE-EARTH TRANSDUCERS*

John L . Butte r t and Stanley J . Cioso k
Raytheon Company

Submarine Signal Division
Portsmouth , Rhode Island 02871

ABSTRA Ct ’

The results of our development on a piston-and -ring-ty pe rare-earth transducer are
presente d, Bot h were made from Ter fen ol D rods and were designed for tow-power opera-
t ion , A compariaon of the rare-earth piston trans ducer with a similar piezoe lectric design

- 
- showed that although the efficiency is somewhat less for the rare-earth model , it has

approximately the same coupling coefficient and a lower reson ant frequency for the same
size.

INTRODUCTION

The large coupling coefficient and large potential displacement of rare-earth~ magnetostrictive
material make it attractive for underwater sound applications. As an initial step, we ha ve deve loped tw o
low-power rare-earth transducers in the form of a tonpi lz and a ring. These forms are the most common
ones in use in underwater acoustics and alløw a comparison with transducers currently using piezoelect ric
material. Accordingly, we have also constructed a tonpilz of the same size as the rare-earth model but
with piezoelectric ceramic as the driving element.

The magnetostric’tive material is presently availabl e in the form of rods as shown in Fig. 1. The’
rare-earth matenal used is Terfenol I) (Tb~ 3 Dy0,7 Fe2 ), I The’ center bar was machined from the ’ rather
rough oval shaped bar shown above. The shorter but circ ular rod , sh own below , required machining
onl y at its two ends. Our task was to construct underwater sound transducers using this material. —

As a first step, we wrapped a coil of wire around the oval bar and resonated it in air and water
using the circuit in Fig. 2 for separating the dc bias current from the ac signal. The inducto r L blocks
the ac signal , and the capacitor C blocks the dc bias. Impedance measurements on the mach ined rod
at longitudin al resonance confirm ed that the speed of compressional waves in the rod is 2,300 rn/s . This
low velocity along with its density of 9,100 kg/rn 3 yields a characteristic ’ impedance of 20.9 X 106 mks
rayls , much like that of the piezoelectric ceramic.

‘Presented at the Workshop on Magneto atrictive Materia ls held under the’ sponsorship of the Underwater Sound Adviso ry
Grou p an d the Naval Research Laboratory , Or lan do , Florida , 25-26 February 1976.

t Consu ltant for Raytheon Company.
A brief discussion of the rare-earth metals is given by Dr. Timme in his Introduction to the Theme in this issu e ’ .

‘ This material was suppli ed to us by Dr. Arthur E. Clark of NSWC , Silver Spring, Md.
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Fig. 1. Rare-earth iron alloy elements , Terfenol D, Tb0 3Dy0 7 Fe2
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Fig. 2. Measurement circuit for transducer

TONPILZ TRANSDUCER

Construction

The lumped equivalent circuit of a magnetostrictive tonpilz transducer may be represented as
shown in Fig. 3. The electromechanical turns ratio Zem is equal to the product of the magnetostrictive
constant h 33 and the clamped core inductance L0 divided by the total number of turn s N. With this
frequency-independent ideal transformer , the masses M and m become capacitors and the compliance
becomes an inductor. Also, the equivalent radiation resistance is given by the reciprocal of the actual
value. Some of the electrical losses may be represented by a resistor shunting the input.

Because the material is not presently available in laminations , the transducer was designed for low-
frequency operation to keep the eddy-current losses small. The tonpi lz design is shown in Fig. 4.
Because these magnetostrictive legs are rather fragile , the transducer was initially assembled with a pliable ’
cement along with a thin stress rod , enabling a ser ies of design modifications without fracture,

The dimensions of the element are 6.15 in. 115 .6 c m )  in length with a rectangu l ar radiating face
2 by 1 in. (5 by 2.5 cm) . The tail mass-to-head-mass ratio is approximately four to one , and both we’re
made of aluminum. The mass of the head (46 g) was chosen to resonate the transducer at 3.5 kHz.
The resulting head-to-leg area transformation ratio is 32 for the 0.5-in. (1-cm) thick head. A smaller
area transformation would have reduced the radiation area too much. With a the radius of an equivalent
circular piston , the size parameter ka at resonance is approximately 0.3, which leads to a small hut
measurable radiati on resistance (0.045 pc per unit area).
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Fig. 3. Equivalent circuit of tonpilz transducer

Fig. 4. Rare-earth iron tonp ilz transducer
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The choice of the coil length was a result of a series of measurements of the coupling coefficient
and the mechanical Q. Although the plastic coil former was only in contact with the edges of each leg,
there was excessive frictional loss when the entire length of the leg was covered. Because of this someof the coupling coefficient was sacrificed and a length of only 2.25 in. (5.72 cm) of the leg was covered
with the six layers of No. 28 Formvar coated wire , with 860 turns on each leg.

The number of turns necessary was large because of the rather small relative permeability (approxi-
mately 5) of the materi al . Although magnetic couplers were used at the head and the tail ends of the
legs, there was no significant magnetic coupling between the legs because of the low permeability .

Because this rare-earth material is rather brittle and the bars used were long and thin , great care
was necessary to prevent breakage. The small tie rod shown was used to compress the unit while the
epoxy cement cured under a slightly elevated temperature. It was not used to provide a significant corn-
pressive bias because this migh t have cracked the thin legs if misaligned.

A tonpilz transducer of the same size was constructed that consisted of lead zirconate titanate
piezoelectric ceramic driving legs rather than rare-earth legs. Here a 31 drive was used and a proportional
amount of silver was disconnected from the legs to simulate the short coils on the rare-earth transducer.
If a 33 dthe had been used , the impedance would have been much too high because of the shape factor.

Measurements

The transducers were each fitted into a heavy aluminum cylindrical housing shown in Fig. 5. An
aluminum faceplate mask with a rectangular slot for the transducer head was used to prevent a pressurerelease (1.6 mm) condition, This entire front end was made watertigh t with a l/ 16-in. neoprene rubberwindow. The tail mass and edge around the transducer face was isolated from the housing by corprene
pads. Measurements were made with 0.5-A dc polarizing current. The beam pattern at 3.2 kHz in aplane through the long edge of the rare-earth transducer piston is shown in Fig. 6. The pattern is nearlyomnidirectional because of the small size of the transducer piston , which is only one-tenth of a wave-length at these frequencies.

Fig. 5. Tonpi lz transducer in pressure housing
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Fig. 6. Directivity pattern for to np ilz trans ducer at 3.2 kHz

The air and water impedance loci of the magnetostrictive transducer are shown in Fig. 7. As can be
seen , there is considerable water radiation loading even though the transducer head is small compared to
the wavelength of sound. The air resonance frequency is 3.6 kHz while the water-loaded resonance is
3.2 kHz. The mechanical Q values in air (Q m A )  and water (Q m~~) are 14.3 and 4.4 , respectively, and
the electrical Q in air (QeA ) is 0.73. leading to an effective coupling coefficient of k = 0.3 from the
formula

1
+

From the water and air resistance values , the est imated losses are one-thi rd m echan ica l , on e-third
electrical loss in the No. 28 wire coil , and one-third hysteresis and eddy-current loss , leaving an overall
efficiency of 30%.

100

3.45CHz A I R

80

2 8 5 k Hz

~ 

\~~~~~~2IkHz 

35 7 kHz

0 20 40 60  80 00
RESISTANCE OHMS

Fig. 7. Impedance loop near resonance for
rare-eart h iron tonpilz transducer
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The ad mi ttance loci for the lead zircona te titanate version of this tonpilz are shown in Fig. 8, and
except for the di p and displacement in Fig. 7, they are seen to he quite similar. Here , however , the air
resonance frequency is 4.6 kHz while the water resonance is .1 .4 kHz. These higher resonances are due to
the higher sound speed of this material. The mechanical Q values in air and water are 32.7 and 9.2 ,
respectively, which are approximately in the same ratio as those of the rare-earth transduc er. From the
Qm values , this transducer is approximatel y 70~ ef ficient. The two transducers have essentially the
same mechanical losses , and the major reduction in efficiency for the magnetostrictive transducer is due
to electrical losses. The coupling coefficient for the ceramic- tonpi lz is 0.18, which is due to its use of
only part of the silver surface on the legs. For the case of complete silvering, the value of the coeffi-
cient was measured to be 0.24. Thus , if a full coil had been used for the magnetostrictive transducer ,
the coupling coefficient would be the measured value of 0.3 (for the partial coil)  times the ratio
0.24 /0.18, y ielding a value of 0.4.

The transmitting and receiving responses for the rare-earth transducer are shown in Fig. 9. As can be
seen from these responses , the results in the vicinity of resonance appear to he quite similar to those of
sonar transducers currently being used by the Navy .
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The unit  was driven with an ac current  value up to one-half the di- bias va lu i  of 0.5 A with no
sign ificant nonlinear distortions. The corresponding response’s for the’ ceramic ii ~iit  are shown in l” i g. 10.
Here at resonance , the receiving sensitivity is 13 dB greater , hut the transmitt ing value is down 20 d R
for the same voltage. The receiving responses of the ceramic below resonance approach a flat ond it i on
while the rare-earth transducer response falls off at approximately 6 dB per ottuvc . Above resonant-c ,
in the mass-controlled region , the rare-earth transducer approaches a flat t ransmit t ing response U~~ to

10 kHz , except for a small variation in the vicinity of 6 kHz .

RING TRANSDUCERS

Piston transducers are usually combined as an array to form a unidirectional beam. Ring trans-
ducers are often coaxially stacked to yield a narrow beam in a plane through their axis and omnidirec-
tionally in the perpendicular plane. The square ring transducer is shown in Fig. 11 and was constructed
from four Terfenol D rods 1/4 in. (6 m m )  in diameter with a length of 2.3 in . (5.8 cm ) .  The m ean
diagonal distance of the ring is 4.0 in. (10.2 cm) . The end connecting pieces are soft iron, and the wire
is No. 28 with 750 turns for each leg. There is a screw hole in each end piece for at tachment  of inter ior
stress wires and an exterior set of radiating pistons or cylinders. One advantage to this design is that  the
magnetic path from one end of the rod is more strongly coupled to the other end. With  more rods , a
larger ring and a better approximation to a ring could be made.

Sur prisi ngly enough , however , this shape does conform to the resonance condition for a thin ring.
If it were a pure ring, the fundamental ring resonance would be given by I = c/i W , whe re c is the sound
speed and D the diameter. With c = 2 ,300 rn/ s and using D = 4 in. (10 c-rn), a resonance of 7.2 kHz is
calculated. The air impedance locus of this ring is shown in Fig. 12, where it is noted that the resonance
is 7.4 k l-Iz. From this locus the mechanical and electrical values of Q are 7.44 and 0.67. respectively,
yielding a coupling coefficient of 0.41. In this transducer design , full-length coils were used , y ie lding a
high coupling coefficient but a low Q mA ’

The bias current for this locus was 0.7 A dc. A series of loci were taken from 0.1 A bias up through
0.8 A , at which time the ring became quite warm. From these curves the mechanical quality factor Qm 4
and the electrical quality factor ~~~ were determined , and t he eff ect ive cou p li ng coefficient was calculated.
These results are shown in Fig. 13. It can he seen here that the maximum coup ling coe fficient is essen-
tia l ly reached at 0.8 A. At low bias levels both values for Q begin to increase rapidly. The mechanical Q
near y dou bles , i ndicating that half of these losses at large bias levels could be due to eddy -urrents unless
the heating of the coil is introducing additional frictional losses.
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Fig. 11. Rare-earth iron square ring transducer
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Fig. 12. Impedance loop near resonance for a rare-earth
iron square ring trans ducer
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Fig. 13. Coupling coefficie nt and Q for the rare-earth iron square ring transducer

The ring transducer described is not an effective radiator because of its small surface area and the
coils surrounding the rods . This loading can he improved by enclosing the ring with four curved pistons
attached to the four connecting corner p ieces.

Measurements , however , have been made for the square ring under free-flooded conditions with a
- ‘ 0.7-A bias. The beam pattern at resonance in the plane of the ring is shown in Fig. 14. The zero

angular di rection is along a line diagonally through two end pieces. The reduction here is presumably
due to the acoustic phase dif ference over this distance. The pattern in a perpendicular plane was typical
of free-flooded rings. The transmitting and receiving responses are shown in Fig. 15. The fiat receiving
response above resonance is consistent with the dipole-type radial motion of a free-flooded magnetostric-
tive ring.
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l”ig. 14. Direct lv ii y patte rn for .i rare-ear l  Ii Irrrn ,I11I,ir,’
ring transducer it l~ s k ltz
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SUMMARY

We have presented results on two rare-eart h low-powered transducers. The results indicate that a
coupling coefficient on the order of 0. 15 is attainabl e ’ and that when compared to a ceramic transducer .
the rare-earth transducer has a sigrnuicantl y lower mechanica l Q and resonance frequency. Unfor tunately,
the efficiency was somewhat lower for our  design : however , it is anticipated that this can be improved
by use of a procedure similar to laminating, and also by adjusting the mechanical loading so th at its
electrical equivalent resistance’ is considerably greater than the losses in the ’ coil.

Al though the shapes and sizes of the two transducers pre ’sented her ” are somewhat uncommon , this
is partly a resul t of the available sizes and shapes of the rare-earth material rather than wholly the result
of its properties. We believe the next step should he to build a medium-power underwate r transducer
using considerably more rare-earth material in shapes more suited to transducer design.
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DESIGN OF A TRANSDUCER USING RARE-EARTH MAGNETOSTRICTIVE MATERIALS*

4 
Robert R. Smith and James C. Logan

Naval Undersea Center
San Diego , California 92132

ABSTRACT

L This paper presents a transducer design with it.s conventional act ive ceramic element
replaced by rods of the rare-earth magneto str ict ive material Terfenol D. The major ob-
j ective of t his design is to allow a side -by-sid e comparison of piezoelectric ceramic an d
Terfenol D in an identical transducer. The tranaducer used is a small “folded-horn ” unit
design ed by W. Ange loff of NUC. It was selected for two reasons. First , the dimensions
are ideal for rep lacing the ceramic stack wit h two Terfeno l D rods (currently available in
onl y limited sizes ) an d their associated solenoids . Second , this source is strain- or electric-
limite d. Rare-earth magnetostric t ive materials are expecte d to compare most favorably
with piezoe lect ri c ceramic for this type of transducer because of their larger ultimate
strain. The details of the design of the magneto strictive drive unit are presented , along
with cali bration results of a prototype transducer . The magnetostrictive unit exhibits
less overall bandwidth and lower maximum output level than its piezoelectri c counte r-
part , but has the desirable feature of resonating at lower frequencies. Based on the re-
sults from the prototype , recommen dations are made for a future design t hat should im-
prove maximum acoustic output and efficiency.

INTRODUCTION

This paper presents the rationale for a particular active transducer design that uses rare-eartht
magnetostrictive material . Preliminary acoustic measurements are also presented , as well as a discussion
of the results and recommended further work.

The purpose in conducting this work is to evaluate the rare-earth materials as replacement fo r
piezoelectric ceramic for certain transducer types. A major advantage of the rare-earth compounds such
as Terfenol D is the large ultimate strains that can he achieved. Savage, Clark , and Powers 1 report
ultimate strains greater than 1,000 parts per million (ppm ) for the compound Tb0 28 Dy0 70 Fe9
(Terfenol D) . A typical ceramic’ such as PZT-4 driven at maximum recommended electrt - field can
produce a str ai n of only about 200 ppm peak to peak. Even though the rare-earth compounds may
have other advantages over ceramic , it was decided to exploit the property of large magnetostrict ive
strain.

Based on these considerations , a survey of candidate transducers suitable for conversion to mag-
ne tostrictive drive was conducted. The following constraints were imposed in choosing a transducer
design :

• The magnetostrictive material to he used was Terfenol D, available only in rods with 0.25-in.

~0.635-cm) diameter and 2. -I - in .  (6 .1-cm) length.

Pre’s ,’ nte d at (hi’ Workshop on Magnetostri rtive Materials held under the sponsorship of the Underwater Sound Advisory
(;rte up and the Naval Rese arc -h !,aborat o ry, Orlando , Flori da . 25-26 February 1976.

tA hri i’f d is ,’us si on of the ’ rar e-earth me tals is given by Dr. Timme in his Introductio n to the Theme in this issue .

41 T. Savage . A. E. Clark . an d .1. M. Powe~~, ” Magnetome e hanical Coupling and .~E Effect in Highly Magn et os tr ec t ive Rare
Eart h- Fe2 (‘om peiun d.s. ” I EEE Trans. Pehigri. mag -1 1 . 1355 (1975) .
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• The desi gn was to he similar to an existing piezoelectric transducer, preferably only replacingthe ceramic element with magnetostric ’tive material.

• The design was to allow high-drive ’ levels for a comparison of maximum source level withPiezoelec trics.

• The source was to he a strain-limited or voltage-lim ited device to take advantage of the addedstrain available from the Inagnet ostricti ve materi al.

This type of l im i~~c,on is normall y fc)und in a low-frequency transducer. The most suitable transducerfor conversion was foun d  to he a “folded- horn ” transd ucer , origin all y designed by W . Ange loff of theNaval Und ers ea Cen..er. The transducer is a multii ’esonant device intended to operate in the hand from3 to 15 k U z . Al tho~igh this band of operation is .iot low frequency, larger units of the folded-horndesign can operate down to 100 lIz.  The maximu m drive is l imited by the depolar ization voltage. Asshow n in Fi g. 1, the transducer c onsists of two hell-shaped housings placed end to end with a small airgap between the housings that is covered with a thin elastomer seal. A piezoelectric ceramic stack ofrings normall y extends the length of the transduc’er , with an interna l stress member attached to the endof eac h housing to pro vide pEe-stress.

The conversion of this design to magnetostrictive drive is described in the following section. Alsogiven in this paper are some preli mina ry calibra tion results of a prototype unit.  Although these resultsdo no t con clusivel y de monstra te the ’ ~u pe ’rior ity of Terfenol I) as a drive element for this transducer ,they do indicate potential advantages of magnetostrictive drive. The results further suggest design changesthat would improve the transducer performance , and these changes are summarized in the conclusions.

MA GNETO STRI C ’I’I VE TRANSD UCER I)ESI GN

The basic design for the magnetostrie’tive drive element in the folded .horn transducer is shown inthe cutaway schematic in Fig. 2. Unlike the piezoelec’tric ’ design , there is no net pre-stress between thetwo housings . In the’ new design, the housings are connected to the drive element by nonstressed rods.The magrietostr ictiv~ material consists of two rods of Terfenol D, each driven by its own solenoid. Twocirctilar stress plates are placed on the ends of the rods and the rods are pre-stressed by four stress boltsthat pass through the stress plates parallel to the Terfenol D rods . A more detailed diagram of the pre-stress arra n gement is shown in Fig. 3. Four aluminum stress bolts are used to allow the Terfenol D rods

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
Fig I Folded horn transducer
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~~~~~~~~~ —- MAGNETIC COUPLER
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, 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Fig. 2. M,icn, ii ,‘,t rio iv,’ d ri e’ U nit as installed iii transducer
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~~~~~~~~~~~~ 
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Fig. 3 . Magnetostrictive rod pre-st ress assembly
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to be pre-stressed evenly with little net twisting force applied to the rods. This precaution was felt nec-
essary because of the brittle nature of the rods. The stress plates are made of nonmagnetit - stainless
steel to prevent flux leakage . Also shown in Fig. 3 is a magnetic coupler made of laminated steel. The
intent of this coupler is to allow a return I)ath for the flux between the two magnetostrictive rods. Un-
fortunately, time has not permitted taking the measurements to determine the effectiveness of these
magnetic couplers.

It was decided early in the design to use the solenoids to provide the necessary magnetic field bias
rather than permanent magnets. The solenoids are designed to provide a peak magnetic’ field of 1,000
Oe (80 kA Jm ) without excessive heating. Each solenoid consists of 580 turns of No. 17 copper wire
wound around a hollow core of Teflon. The inside diameter of the Teflon is slightly greater than the
diameter of the rods , permitting the rods to vibrate freely in the solenoids. The field produced by each
solenoid is approximately 125 Oe per ampere , assuming no magnetic coupling between the two rods.
The max imum intended drive is an alternating current of 4 A zero to peak superimposed on a 4-A dc
bias, producing a magnetic field alternating between 0 and 1,000 Oe (0 to 80 kA!m ) .  The two solenoids
are wired in series to insure that the fields applied to each rod are the same and in alternate rotational
sense to promote a return fitix path , The electric impedance of the transducer is largely inductive and
has the value of 24 ~l at 1,000 Hz.

Without prior knowledge of stress levels to be expected in the magnetostrictive rods during opera-
tion , conservative estimates were used. A worst-case analysis indicated that the stress in a free rod driven
to saturation could reach 5.5X l0~ dynes/cm 2 . Thus the stress rods were sized to allow pre-stress to at
least these levels. The stress bolts chosen were a luminum with 0.79-c m diameter. A pre-stress of
5.5x l0~ dynes/ cm 2 was achieved in the magnetostrictive rods by applying a torque of 1.4X i0~ dyne-c m
to each bol t. Subsequent results have shown that these pre-stress levels are unnecessarily high , and im-
proved performance could be expected by using thinner stress bolts. Results for this unit  and for a
modified unit with stress bolts 0.48 c’m in diameter are given in the next section.

EXPERIMENTAL RESULTS

The prototype transducers described i ’  the previous section were tested at N t T ( ” s TR .-\N SDEC
calib ration facility. The electrical drive wa~ provided by the amplifier c i r cu i t  shown in Fig. 4 . Separate
dc and ac sources were used with an inductor to block the ac power from the dc source and a capacitor
to bloc k the dc bias power from the ac source. Although the dc source was capable of supplying up to
10 A , the ac source was voltage limited at higher frequencies and could not deliver -I A to the transducer
across the operating band.

22,000 ~Lfd 50 V
.6~~2 2S0 mH 

-

TRANSDUCER~ IAC  I
DC (±4AMPI
4 AMP

(~~~
) I

0.1

Fig. -I.  Magn eto s trictive amplifier circuit for dc-biase d operation
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Figure 5 shows the transmitting response of the original magnetostrictive transducer over the fre.
quency band. The response was measured at a constant ac current of 0.35 A rms and a dc current of
2 A. The tra nsmitting response is given in units of decibels relative to 1 pPa-m/Oe to remove the de-
pendence on the solenoid design . To obtain the response in decibels relative to I pPa -m/A , the values
in Fig. 5 should be increased by 41.9 dB. For comparative purposes , the transmitting voltage response
of the piezoelectric version of this transducer is given in Fig. 6. A comparison of the transmitting re-
sponses for both designs is made in the following section.

The complex impedance of the magnetostrictive transducer was also measured and is shown in
Fig. 7. The impedance was measured for 0.35 A rms ac and 2.0 A dc. As seen from the figu re, the im-
pedance is largely inductive . The real part of the impedance is relatively large at all frequencies , implying
the ex istence of losses such as solenoid heating, material damping, an d hysteresis losses.

The original prototype was subsequently modified by replacing the 0.79-cm diameter stress bolts
with bolts 0.48 cm in diameter. The elastomer seal around the unit was also replaced by one similar to
that used in the piezoelectri c unit .  The modified prototype had essentially the same low-frequency

150 ’

~~~~ I4o -

L

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

FREQUENCY 1kHz)

Fig. 5. Transmitting res ponse of magnet ostrictive transducer

10( I I i
1 2 3 5 10 15

FREQUENCY (kHz l

Fig. 6. Transmitting voltage response of piezoelectric transducer
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.., —
C ’1 2 3 5 10 15

FREQUENCY 1kHz)

Fig. 7. Complex electrical impedance of
magnetostr icti ve transducer

response as the original unit , implying that the broad resonance at 2 kl-Iz is determined by the housings.
The sharp resonance at 6.5 kHz was reduced to 5.5 kHz and increased in level , indicating that the stress
bolts are significant for this resonance. The real part of the impedance was sign ificantly reduced at lower
frequencies indicating that the losses in the original magnetostrictive unit were largely due to the elastomer
seal. The phase measurements were not taken with sufficient accuracy to determine the efficiency of the
modified unit.

These measurements were taken at low-drive levels because the output of the amplifier was limited
in the higher frequency range ; however , some measurements were taken at higher drive levels and are
summarized in Table I. Here unit  1 is the origi nal magnetostrictive unit and unit 2 is the unit with
modified stress bolts and elastomer seal . Although there were insufficient measurements to quant i f y the
degree of linearity of the devices , the output pressure level is approximately proporti onal to input cur-
rent level. Note in particular the increase in output level with dc bias. This behavior is consistent at
all frequencies , with 2.5-dB increase between 2.0- and 4.0-A dc , and a 1.5-dB increase and between
4.0- and 6.0-A.

TABLE I
High-Drive Characteristics of Magnetostrictive Transducers

T , Pressure
- Frequency ac Current dc Current -Unit (kHz)  (A) ( A )  (dB relative

to 1 pPa-m )

1 6.5 0.35 4.0 165.5
1 6.5 0.70 4.0 172.0
1 6.5 1.29 4.0 178.2
2 2.0 0.42 2.0 149.0
2 2.0 1.07 2.0 159.0
2 2.0 1.14 4.0 161.5
2 2.0 2.03 4.0 166.8
2 2.0 1.17 6.0 163.0
2 2.0 2.09 6.0 168.3
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CONCLUSIONS

The folded-horn transducer chosen for this study appears to be a good candidate for evaluating the
rare-earth magnetostrictive materials , at least for the rod shapes currently available. The major purpose
of the firs t magnetostrictive prototype was to demonstrate that the design concept was valid and that
reasonable pressure out put levels could be obtained , and these goals have been met. The broader ques.
tion as to whether the rare-earth magnetostrictive materials are competitive with piezoelectric ceramic
has not been answered either affirmatively or negatively by this work. The m agnetostric t ive m aterial
may also perform better in other geometric shapes , such as hollow cyli nders, a question that has not
been add ressed i n th is paper.

Comparison of Figs. 5 and 6 shows certain similarities. Both transducers exhibit a broad low- 4
frequency resonance at about 3.5 kHz for the piezoelectric unit and 2.0 kHz for the magnetostrictive
unit. Both units exhibit a multiresonant behavior , bu t the higher frequency resonances of the piezo-
electric unit are broader and occur at different frequencies. Some of this difference may he due to the
diffe rent seals used to seal the air gap between the two housings . Experience 2 has shown that trans-
ducer performance is highly sensitive to the seal used. Another significant difference is the stiffness of
the drive element in the two units ; the piezoelectric stack is much stiffer than the magnetostrictive rods
with their stress bolts, accoun ting for the higher resonan t frequencies seen for that unit .

The maximum recommended drive for the piezoelectric unit is 50 dB relative to 1 V, above which
excessive heating and depolarization can occur. Likewise , the maximum drive for the magnetostrictive
unit is 50 dB relative to 1 Oe (80 A/ rn)  (corresponding to a magnetic field varying between 0 and
1,000 Oe (0 to 80 kA/m )) ,  above which solenoid heating and magnetic saturation can occur. Thus ,
Figs. 5 and 6 provide a rough comparison of the maximum output levels to he expected from each
transducer. Note that the levels of Fig. 5 can be increased by 4 dB by using a 6-A dc bias. Of cou rse .
if the device is significantly nonlinear , it may not be possible to extrapolate the values in Fig. 5 by
50 dB. The results of Table I suggest this extrapolation may be valid , and on this assumption one sees
that the magnetostrictive unit  is capable of less output (up to 20 dB less) than the piezoelectric un i t
excep t at the lower frequencies. These lower levels seem to he due to two factors: the magnetostrictive
uni t  has too much stiffness in its stress rods relative to the stiffness of the active material and the vol-
ume of active material in the magnetostrictive unit is 42 times less than that in the piezoelectric un i t ,
thus l imit ing the amount of electromechanical energy conversion that can be expected. One would ex-
pec t , on the basis of the recommendation s in the following paragraph , that much greater output levels
could he achieved in the magnetostrictive unit.

The results on the first prototype described in this paper suggest several design iterations that  could
improve the performance of that unit. One modification that has been partially tested would he to re-
duce the stiffness of stress bolts. A more thorough analysis of expected stress levels should be per-
for med , using models for an impedance-loaded rod. Results indicate  that the stress bolt stiffness could
he chose n to optimize output at the higher frequencies. Another desirable modif ica t ion  would L)e to Use
more magnetostrictive material , although the amount of material is ul t imatel y limited by the large
solenoids required to drive the material to near saturation . The use of permanent magnets rather than
a dc bias should he considered to improve efficiency and maximum output , reduce solenoid size , and
sim plif y the amplifier design. Measurements should he made to determine the ’ extent of magnetic f lux
coup ling, and more effective coupling techniques should be investigated. F ina l ly ,  the stainless s t ee l  strcss

plate should he rep laced by a thicker a luminum Plate to minimize l) lat c bendin g. Once a second itv i’a-
tion design is fabricated , an extensive set of measurements could be performed to det ermine efficiency
of the unit  and linearity of the device under various drive ’ and bias levels.

ACKNOWLEDGMENTS

The authors are indebted to Leonard Reavis and Richard I ) e t tm er .  who fabricated the pro lutvp e
magn etostri ct ive transdu c er tinder severe time constraints. .-\r thur  Clark and I loward Savage prov ided
the magnetostr ictive rods and much useful information on materia l -har acterist ics . This work was s h i l l -

sored by the Na va l Sea Systems Command. Code SEA 06111: Charles Walker Was the  Program Manager.

2W . L. ~\n gelof f , Naval tr iidi .r ~i . i  ( i n te r , private commu nication.

UNCLASSIFIED 



~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ p—-- 
“ “1~~~~~~

UNCLASSIFIED

U.S. Navy Journal of Underwater Acoustics Volume 27 , Number 1 January 1977

RARE-EARTH MAGNETOSTR ICTIVE TRANSDUCER AND MATERIAL DEVELOPMENT STUDIES*

Orrill L. Akervo ld and David L. Hutchins
Honeywell Marine System Division

Seattle , Washington 98107

and

R. G. Johnson and B. 0. Koepke
Honeywell Corporate Research Center

Minneapolis , Minnesota 5 5408

ABSTRACT

Rare-earth magnetostr ictive material and transducer studies conducted at Honey-
well in 1975 are reviewed. The topics discussed include preliminary measurements of the
magneto etrictive effect in arc-cast unannea led specimens of Tb 0 3  Dy() 7 Fe2, an electro-
po lishing and etching procedure developed for the metal lographic examination of the
compoun d surface , and an experimenta l transduce r configuration.

INTRODUCFION

Several new magnetostrictive materials have been developed at the Naval Surface Weapons Center
and the Naval Research Laboratory . These materials are metals consisting of combinations of iron and
various rare-earth elements ,t such as dyprosium , terbium , and holmium. They exhibit very high magneto-
strictive strains and are , therefore , attractive candidates for use in high-power transducers.

The state of the art of these new materials has reached the point where a transducer can and should
be designed, built , and tested. The fundamental physical properties (magnetostrictive strain , anisotropy
constants , etc.) have been measured , as have such acoustic.related properties as coupling coefficient. The
actual performance obtainable with these materials can , however , only be assessed by constructing and
evaluating a suitable transducer.

Honeywell has conducted material and transducer studies to begin to assess the utility of these
materials in practical transducers. An experimental transducer has been designed and built at the Marine
Systems Division , and the Corporate Research Center has initiated a research effort into the metallurgy
of the rare-earth compounds. The progress and status of these efforts is summarized in this paper.

EXPERIMENTAL TRANSDUCER

Desi~~

Dr. Arthur Clark of the Naval Surface Weapons Center supplied the Honeywell Marine Systems
Division with four rods (2- 1/4 in. (5.72 cm) long by 1/4 in. (6 ,3-mm) in diameter ) of Terfenol. (Terfenol
is the Naval Surface Weapons Center abbreviation for Tb0 3Dy0 7 Fe2 .)  These rods were incorporated
into the simp le longitudinal vibrator transducer illustrated in Fig. 1. A photograph of the actual trans~
du cer is shown in Fig. 2. This experimental transducer has the following features:

Presente d at the Workshop on Magnetostrictive Materials held under the sponsorship of the Underwater Sound Advisory
Group and the Naval Research Laboratory, Orlando , Florida , 25-26 February 1976.

t A brief discussion of the rare-earth metals is given by Dr. Timme in his Introduction to the Theme in this issue.

183 UNCLASSIFIED

-I

pFi3i~~DtIG PA3~~~&LNK~ Nt~~ FII2vfl~’D

_ _ _ _ _ _ _ _  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
.-. .. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _



- 

~~~‘TT~~~L - -  -

184 AKERVOLD , HUTCHINS, JOHNSON , AND KOEPKE UNCLASSIFIED

HOUSiNG —

~ 

- CURRENT COILS

- IRON BARS FOR CONTINUOUS FLUX PATH

ALUMINUM HEAD MASS

B E R Y L L I U M
• COPPER STR ESS BOLT _\

~%s.
\,

~

\ 

~~~~~~ 

- _____ -_______ - ______

_ ~~ 
L[ 

_ _ _  _ ____ - 

~IIl I I Il I- 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

— -  — _____

~~ ~~~~

N ALUMINUM
HEAD MASS

4.0”

TER F EN Dl
R O D S

Fi g. 1. Magnetostrictive transducer

• I t is experimentally flexible in that the magnetostrictive rods , the bias coils , and the d rive coi ls
can easily be changed.

• It is a conceptually simple , dou hle-ended , longi tudinal v ib rator and is , therefore , relatively easy
to model mathematically.

• The magnetostrictive active element can easil y be replaced with a comparable ceramic element.

This simp le t ransducer provides a vehicle for measurement of the ’ acoustic capabilities of the new
rare-earth magnetostrictive materials and facilitates comparison of the capabilities with both theoretical
predictions and with the capabilities of comparable ceramic materials.

Test Results

Preliminary test results obtained with this transducer are shown in Figs. 3 and 4. ‘I’he ac drive
signa l in all cases was 30 Vrms. t Inder these drive conditions the maximum sound pressure level reached
was 174 dB relative to I #Pa at 1 yard ( I  m l .  This was achieved at :1.5 kHz at the lO.A d -  bias drive.
The ae efficiency was about 1-lu- . and the overall efficiency was approximately I’~.
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44

Fig. 2. Rare-earth magn etos t rictive transducer 
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Fig. 3. Rare-earth magnetostrictive transducer transmit current ac i ’u s l i c  response
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Fig. 4 . Rare-earth magnetostrictive d i rectivity pattern at 3.5 kHz in x , y plane

METALLURGICAL STUDIES

The goals of the 1975 effort at the Honeywell Corporate Research Center were to—

• Develop techniques for fabricating the magnetostrictive mates-ia.s

• Develop techni ques of polishing and etching for metallurg ical examination in the resulting
ma terials

• Fabricate magnetostrictive rods suitable f~ r use and evaluation in the experimental transducer.

The results were’ as follows: ( 1 )  an electropolishing and etching proe-edure was developed for the metal-
lograp hic examinat ion  of the compound siirfa -e and ( 2 )  compound (( ‘sI  pieces u p to 1-1 ;2 in .  (3 . S1 cm)
long were cast.

A ternary compound was produced by the Corporate Research Center with composition near
I’b 11 3 1) y0 ~ 

Fe., to minimize  the’ anisotropy energy and to retain a large magento str ic t ive effe -t . The
objective’ of the ’ first part of the investigation was to make the compound with all , or as much as pos-
siNe ’ , of the mater ial in the Laves phase , which ha s the desired larg e ’ magnetostrict ive properti e ’s . If t he
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Tb an d Dy behave in a chemically similar way (as is often the case with rare-earth-elements) , then the
ternary compound can be described by a pseudobinary diagram similar to the Dy-Fe binary ph ase dia-
gram in Fig. 5. Preliminary work indicates that this is the case and that only three phases , character-
istic of a binary compoun d , are distinguishable in the unannealed cast material.

Figures 6 and 7 show the result of electropolishing and etching an unannealed specimen of the
stoichiometr-ie material Tb 0 3Dy0 7 Fe2 . The dom inant  surface is (Tb , Dy) 1 Fe2, the slightly deeper
etched long narrow structures are (TbDy) 1 Fe3, and the bright crosslike formation that is hardly attacked
by the acid is the (Tb , Dy) oxide or nitride impurity phase with no detectahle iron. The excess rare-
earth phase appears only in compounds having less than the stoichiometric amount of iron. These iden-
tifications are based on the EDAX identification of the elements and the indicated relative amounts of
each element in the three different phases that are present.

Preliminary magnetostriction measurements as a function of applied field for unannealed corn-
pounds are shown in Fig. 8. Although high values of A 1-1 are obtained , the desired saturation effect at
low applied fields was not always present in the preliminary runs.
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Fig. 5 . The dysprosium-iron binary sys lem. (This phase diagram appears to be a satisfa ctory guide in
t he study of the pseudoh inary system : (Tb , Dyl = Fe , particularly when terbium is the minor co nst itu-
ent as in t he compound Tho:i Dyfl~7 Fe 2 . )
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Fig. ~
,. “ Two examp les of etched surfaces of Tb 0 3 Dy0 7 Fe 2 showing the’ t hree pseudob inary p hases Bright cross-like struc-

tures in sharp relief are ( l b . Dy) oxide’ or nitride. Slightl y etch ed ne ’edlc-sh.ipi ’d de pressions are (TbDy)Fe :1 . Major smooth
surface is (Tb , Dy)Fe 2, tb, desired Laves phase.
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A den d rit c ’ of ( ThDy I composition stands nut in sharp relief.

The long, shallow ,‘ Ie ’h c ’ d ~,ni,-s arc ’ (‘ rbDy I Fe3. ‘I’hv general field is ( ‘Fh1)~’ )F’ i’ 2 . Scanning e’Ic ’ctr o n mic ros cop e photogra ph.
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Fig. 8. Examp les of magnetostricti v e elongation in unanneale d melts of TbDyFe com pounds

Ten rods of Tb 0 3Dy0 7 Fe 1 8  were fabricated for use in the experimental transducer. i’hese rods
are each about 1-1/4 in. (3.18 cm) long by 1/ - I in.  (6.3 m m )  in diameter. The strain characteristics of
these rods are shown in Fig. 9.

SUMMARY

The experimental transducer worked well from a mechanical and acoustical standpoint and is a use-
ful test bed for further studies of its measured and potential electric-al properties. Comparison must he
made of its performance to the performance resu lting when the magnetostrictive rods are replaced with
a ceramic driver producing a resonance at the same frequency, If the eIec-troa coustic performance of the
rare-earth materials warrants its use , the metallurgical studies are needed to develop practical methods of
fabricating rare-earth iron parts with the desired configurations for transducer app lica tions.
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Fig. 9. Magnetostrictive strain in an arc-cast unannealed specimen having an overall
composition of Th03Dyo 7 Fe i85
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