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FOREWORD

This proposal entitled “Investigation for the Origin of
Magneti c Properties in Amorphous Metallic Alloys” was
prepared as a collaborative project by staff members in
the Properties Branch, Metallurgy Laboratory, and the
Electronic Power Systems Branch, Electronic Power Con-
ditioning and Control Laboratory, Corporate Research and
Development of the General Electric Company.

The following person is authorized to negotiate any
contract resulting from this proposal and should be con-
tacted if further information is required.

H. W. Lake
General Electric Company
P. O. Box 8
Schenectady, New Y ork 12301
Telephone (518) 385-8608
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INVESTIGATION FOR THE ORIGIN OF MAGNETIC PROPERTIES

P IN AMORPHOUS METALLIC ALLOYS

I S.ctmn l

J INTRODUCTION

I V
The General Electric Research and Development Center started work on

amorphous metallic alloys late in 1974. Principal interest has been in the

I magnetic properties of these alloys . Their mechanical properties, structure ,
stability and corrosion resistance, and potential applications have also been
studied.

I On Ju~>’1, 1976, a program focussed on “ The Origin of Magnetic Proper-
ties in Amorphçus Metallic Alloys” was begun under sponsorship of the Office

• 
of Naval Rese ai~çh (N000 14-76- C-0807)t This renewal request will review the
objectives and a?çomplishmen ts of the first year ’s effor t and the proposed
continuation, and ’~vill describe an additional optional effor t.I . .

I
I .

‘I
I

I
I
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Section 2

DESCRIPTION OF PROJE CT

CONTRACT OBJECTIVES

G E N E RA L  ORJFCTIVE

The general objective of this  project is to develop an under stand ing of the
relationships between composition and d-c and a-c magnetic properties, and
between composition and stability. Lt is understood that both composition and
prepara tion parame ters may h~ive an influ ence on the properties, and tha t
both magnetic and s t ruc tura l  s tab i l i ty  are to be considered.

FIRST YEAR ’S  E l ’l~’OHT

1. Stress-relief characteris t ics  and magnetic properties before and af ter
stress relief are being measured for alloys in the following series:

a. (Fe xN i~ ..x )8o P~~l3,~ ~O. 3 c x 1

b. (Fe 5N I .5)80 P~~-xI3 6,~~ 0 c x .~ 14

c. (FexCo1 x )80 P14 R6 0 X ‘.. I

or (F e X C OL_x )80 B20 (~ ‘flt ’fldi fl~ t~f l results obtained in (b)

d. (Fex Ni y(’oz )
~~Pi4 136 selected values of x, y, and :

or (F ’e~ Ni~ Co~
)8o H~o to be de t ermined as nbov c

2. The magnetic  properties wi l l  include:

Saturation moment , M8
Coercive force , I1~
Curie temperature , T~
Remane nce to sa tura t ion , M r/M s
Permeability, ~ vs freque nc y and flux density

Losses, W, vs frequency and f lux  densi ty

Temperature var ia t ion  of M 5, ‘I c’ ~~~~, and W

Domain structure

Stress sensi t ivi ty of II~ , M r / M s. and domain s t ruc ture

3. The embrit t lement  b ehavior  wi l l  be examined on some of the alloys,
to determine the effec t  ~~:

a. Replacing the P by 11

b. Varying the Fe/Ni/ Co ratios

2 - I
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p .
ACCOMPLISHMENTS

The first year of this ONR -sponsored work has been extremely produc-
tive. Over 50 different compositions from the general system (Fe, Ni , Co)x

I (B, P. Si, C)~ hav e been made into amorphous ribbon. The magnetic prop-
erties of these ribbons have been studied in detail , both as made and after
various magnetic anneals. Experimental studies hav e been combined with

I theoretical analysis to provide an increased understanding of several impor-
tant areas, including:

I . Induced Magnetic Anneal Anisotropy

• Magnetic Stability

I . Structural Relaxation and Stability

• Crystallization

I . Magnetic Saturation and Curie Temperature

• Losses, Permeability, and Potenti al Applications

3 This work has resulted in five papers submitted for publication in the
first nine months of the 1976-77 contract period . Preprints of these papers
have been sent previously to the ONR Washington and Boston offices. The

1 significant results are summarized in the following paragraphs.

I 
MA GNETIC ANNEAL ANISOTROPY

The uniaxial magnetic anisotropy, Ku, induc ed by a magnetic anneal

I has been determined , after stress relief , for a series of alloys given by
(Fe~Ni1 ~~~~~~~ For all of these alloys Ku depends on anneal temperature
as predicted by dir ectional order theory. The concentration dependc nce of

I Ku in these alloys is also consistent with directional order theory. The
maximum Ku, corrected for its temperature dependence , occurs at the com-
position y = 0. 5. However , Ku does not fall to zero at y = 1 as predicted if

I directional order is assumed to arise only from Fe-Ni pair ordering . These
results are interpreted as suggesting a role of the glass former , boron, in
the directional ordering, perhaps as an interstitial. The interaction energy

I derived from the results is negative , as expected for interactions leading to
precipitation. Its large value of ~ - 7. 5 x l0~” ergs corresponds to a critical
temperature for preci pitation of 3000 K.

3 MAGNETI C ST ABILITY

I Amorphous Fe40N140B20 responds to magnetic annealing much more slowly
than amorphous Fe 40Ni40 P14 B6. Thi s imp lies that the induced anisotropy of
the phosphorous-free alloy is considerabl y more stable . Assuming that the

I same species are involved in the reordering, this suggests a denser atomic
packing in the B alloy than in the P alloy . The amorphous Fe-Ni-B alloy

2-2
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I
follows kinetics described either as first order, with a distribution of ti’~ e

I constants and activation energies, or as a second order re action, with a sin-
gle time constant and activation energy. This is in contrast to the F e - Ni - P - B
alloy, which exhibited first  order kinetics with a single time constant and

I activation energy.

This difference between the phosphorous-free and the P. B-containing

I alloys is attributed to the atomic uniformity in the reordering environment
resulting from the segregation of P. The second order kinetics observed
for the reordering of the Fe-Ni-B alloy suggest that two atoms may be in-

I volved in the reordering.

I 
S T R U C T U R A L  RELAX ATION AND STABILITY

Annealing amorphous ribbons at temperatures below the crystallization
temperature induces structural changes in addi’i~~ to improving the magnetic
properties. Specifically, relaxation of internal stresses occurs and the r ib-
bons become brittle . The rate of stress relaxation is the same as the rate
of magnetic property improvement; in fact , it is the i nteraction of the internal

I stra ins with the m agnetos tr iction wh ich couples these two effects. The onset
of embrittlement with anneal is, on the other hand, a more complex effec t.

I 
In the phosphorous-containing alloys (FexNiy)80P14B6 embr itt lemen t occurs at
very low temperatures of the order of 100°C. In the phosphorous-free alloys
(FexNiy)80B20 embri ttlemen t does not occur un ti l tempera tures of the order

I of 250°C. Prior work in the Research and Development Center Indicates that
the easy ernbrittlement of the phosphorous alloys is due to segregation of the
phosphorous at low temperatures.

3
I The onset of crystallation has been determined as a function of time and

temperature for three amorphous alloys: Fe40Ni40 P14 B6, Fe40 Ni 40B20, and
Fe~ B20. In addition , the temperature for the onset of crys tall iza tion after a

‘ 
two hour anneal has been determined for three series of alloys: FeyNi a0..yP14B6.
Fe~ Ni8 o y B20, and Fe40Ni40 P20 ~~~~ All of these results have been compared
wUh results reported in the literature for other alloys. An experimental cor-

I relation is observed, showing that the activ ation energy for the initiation of
crystallization is proportional to the number of different atomic species in the
amorphous alloy. The thermal stability, as measured by AF or T~ (2 hours),

I appears to be proportional to T~ 
- Tg as expected. The Fe-B amorphous

alloy was the least stable of the three alloys studied. It has a projected life
of 25 years at 175°C; adequate for many, but not all, magnetic applications.

MAGNETIC SA TUR A TTON .\ND C U R I E  T E M P F R A T U R E

4 The magnetic moment per transition metal atom at 0 K and the Curie
4 temperature were obtained for a series of (Fe , N i)30(P , 13)20 amorphous

• 2-3



-

I . IENE RAL 0 ELECTRIC

I
quenched alloy ribbons . Fe/Ni and P/B compositions were varied separately.

I The moment data can be fitted well by assigning 2. 1 Bohr magnetons per Fe
atom and 0. 6 per Ni atom, with the moment lowered by 0. 3 per B a tom and
1.0 per P atom. Alternatively, moments varying with composition as shown

I by neutron diffraction in crystalline alloys, combined with a lowering of 1. 2
per B atom and 2. 1 per P atom, also fit well. For a given P/B composition,
T~ shows a broad 

maximum at Fe: Ni of about 3: 1. For a given transition

I metal composition, T~ increases with increasing B content.

LOSSES, PERMEABiLITY, AND POTENTIAL APPLICATIONS

I To date, the amorphous alloys have som ewhat higher losses and lower
permeabilities than have Fe-Ni alloys of the same thickness, but the amor-

I phous alloys are significantly superior to the Fe-Co and Fe-Si alloys. Appli-
cations of the amorphous alloys in small electronic devices appear to be jus-
tified where the design optimization can make use of:

I . The lower cost expected from the amorphous alloys .

• The higher induction of some of the amorphous alloys compared with

I •
. the Fe -Ni alloys.

• Their lower losses and higher permeabilities compared with the

I crystalline Fe-Co and Fe-Si alloys.

The high-saturation amorphous alloys of Fe-B as thin tapes have about one-

I fourth the losses of the best grain-oriented Fe-3. 24 Si sheet steel measured
with sine flux, but the saturation magnetization is 204 lower.

The design implications of tht.~se differences for power devices is not
irnmediate~y clear . The temperature dependencies of properties are equiv-
alent to those of the crystalline alloys . The limiting metallurgical life, de-
fined as the start of crystallization, is extrapolated to be 550 years at 175° C
and 25 years at 200° C for the least stable, possibly usefu l alloy tested so far :
the Fe~~B20.

a PI.2UCA11ONS AND REPORTS RESULTING FROM THE CURRENT

I INVESTIGATION

1. F.E. Luborsky and J. L. Walter , “Magnetic Anneal Anisotropy in

! Amorphous Alloys, ” IEEE Transactions on Magnetics , to appear in
March 1977 issue .

2. F. E. Luborsky and J. L. Walter , “Kinetics of Reorientation of the In-

I duced Anisotropy in Amorphous Fe40Ni40B20, ” Materials Sc ience and
Engineering, to appear in 1977.

I 3. F.E. Luborsky, “Crystallization of Some Fe-Ni Metallic Glasses,”
Materials Science and Engineering, to appear in 1977.

2-4 
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I
4. F. E. Luborsk y, Persp ecttv c on A pplication of Amorphous Alloys in

I Magnetic Dcv ices , “ to appear in Proceed ing~ ~ t Second In t erna t iona l
Symposium on Amorphous Mzw net i sm (edited by B . A. Levy and
R. II sagaw a) , Plenum Press , N ew York.

1 5. J. J. Becker , 1” . F. Luborsk y, and J. L. Walter , “Magnet ic  Moments
and (‘ur i c  Temperatures of (Fe, N i  )80( P. B)~ Amorphous Alloys, “ I I • ’  FE

I Transactions on Magnetics, submitted.

6. F. E. Luborsk y, Magne t i c  :\n t i ea l ing  of Metal l ic  Glasses, Gordon
Research Conference, Jul y U176 .

7. J. J. Becker , App l icat ion  of M et a l l ic  Glasses as Soft Mag net ic  M a t e r i a l s ,
Pittsburgh Section , Amer ican  Ins t i tu te  of Mining,  Metal lurg ical  and
Petroleum Engineers , November 5, 1976.

PROPOSED CONTiNUATiON

I The general goals of this work have been to explore, unders tand, and
define the magn etic  capabi l i ty  of amorphous alloys. The approach taketi  is

I to systematically vary the composition and processing conditions , to measure
the magnetic and s t ruc tura l  properties both as prepared and after  various
thermal, mechanical , or magnet ic  t r ea tments , and to t ry  to opt imize the

I composition and process for potential  app l ica t ions .  Sign i f ican t  progress has
been made dur ing  the f i rs t  year of this program. Substantial  in fo rmat ion
and some unders tanding have been achieved in the areas of induced anisotropy,

I magnetic stabil i ty,  s t ruc tura l  re laxat ion , e ryst a l l i~ at ion , losse s, perme —

ability, saturation, and Curie temperature .  This progress , however , has
presented several new questions tha t  require fu rthe r  explorat ion to increase

3 scientific understanding and mater ia l s  op t i m i z a t i on .  Most important is an
understanding and improvement in the parameters  of sa tura t ion , losses, per-
meability, and stabil i ty.

The specific approach during the coming year will be o focus on the ef -  —

fect of the metalloids in the l ’ e~ (B , Si, :\l, C) 1-~ sy s tem.  The objectives wi l l

I be to try to max imize  the sa tu ra t ion , stabi l i t y , and ease of fabricat ion and
minimize the magnetostr ic t ion and losses.

SUGCFSTEI) WO RN STATF M1 ’NT

The following s ta tement  is suggested to describe the proposed continua-

I lion of work .
1. Magnetic properti~’s and stress relief character is t ics  will be deter-

I mined in the iron-rich alloys:

a. Fex Bi~ x

I b. Fe-B-SI, Fe-B-Si-C , and Fe-B-Si -Al
c. Fe-Co-B

• 2—5
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I
2. The magnetic properties will include :

Saturation moment, M 5
Curie temperature, T~

I Coerc ive force, I1~
Permeability, ~I Losses,

I 
Magnetostriction, >.,

OP11ONAL ADDITIONAL EFFORT: MAGNETIC PROPERTIES

I 
OF CRYSTALLIZED AMORPHOUS MATERIAL

BACKGHOUNI)

I During the course of the current studies on crystal lizat ion of amorphous
metals it was noted that the coercive force increased to 50 to 100 oersteds
after crystall ization. This observation suggests that in the crystallized form
these materials may be ideally useful in hysteresis motor applications.

At present, hys teresis motors use Vanadium Permendur or P-6 alloy
for the critical magnetic  mater ia l .  These have a typ ical composition of 45 4
Fe, 45 4 Co, 6 4 Ni , 4 4 V and are used in stri p form , varying in thickness
f rom 0. 006 to 0. 100 inch.  The cost of these alloys is very high, because of
the large amounts of expensive Co, Ni , and V and the addit ional  expense of
reducing cast material to thi n stri p and heat treating . Alternatively, amor-

I phous metals of the Fe80(B. Si, C, P) 20 fa mil y should be considerabl y less ex-
pensive and may perform much better.

I The torque developed in hysteresis motors is proportional to the hyster-
esis loss in the magnetic rotor material .  W 1~, or the hysteresis loss, is
generally considered to be the area of the B- fl  hysteresis loop. It is desirable
to obtai n the highest possible value of hysteresis  loss. This , of necessity , is

I limited by the fact that the ind uction , B, and the f ield in tens ity , II , to produce
this loss must be supplied by the stator.  In choosing the proper II and B and

I material for a rotor , the designer should consider one more important  poirt:
that is, to what degree does the potential  magnet ic  material  ut i l ize the peak
values of B and H. This can be determined w i t h  a comparison of energy fac - r

t tors for the different magnetic mater ia ls  under consideration

There are various magnetic materials  whose hysteresis loops , when

I superimposed, could hav e the same peak values of B and H; however , the
hysteresis loss or the areas enclosed by the separate loops for the different
materials might  y~~~~y considerably .  For this reason a comparat ive re la t ion-

I ship, known as the energy factor , has been derived to analyze the hysteresis
loss of magnetic mater ia ls .

2-6
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The energy factor is determined by construct ing a rectangle wi th  side s

I parallel to the coordinate axes of the hysteresis loop and two opposite corners
intersecting the peak po ints of the hysteresis loop. The ratio of the area of
the loop to the area of the rectangle is the energy fact or. Materials used in

-I hysteresis motors , for example, generall y have energy factors ranging from
0. 45 to 0. 75. Figure 1 depicts two magnetic materials that have ident ical
peak B and H values but whose loops enclose substantiall y di f ferent  areas .

I Obviously the energy fa~’tor of Material  No. I , the solid line loop, is g reater
than that of Material No. 2. It is therefore desirable to use a mat er i a l  v , i t h
the highest energy factor possible, to ach ieve bo th high mo tor e f f i c i en cy  and

I optimum materials utilization.

r Energy Factor Mater ia l  Mater ia l
Rectangle No. 1 No. 2

Figure 1. Two Magnetic Materials  Havin g
Identical Peak Magnet iza t ion  \ alues ,
but Exhibiting Different Loop Ar eas

I By plotting the energy factor versus peak app lied magnetornotive force,
the maximum energy fac tor value is found to occur at the po int of maximum

L 2-7
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permeability. In most cases, materials  wi th  steeper hysteresis loop slopes
hav e been found to have higher energy factors; therefore, for maximum elf i-
ciency and min imum s i te  and w e i g h t  the hysteresis rotor should be used close
to the maximum energy factor.

PRO POSEI) EFFOfiT

Crystallized amorphous metals  of the Fe 80( B, Si , C’, 1’, Al)20 family appe ar
to have the necessary characterist ics for competit ive hysteresis material  - -

1 low materials cost, low fabrication cost, high residual induction, and proper

I coercive force. It is proposed that the relevant properties of several compo-
sitions from the abov e alloy fami ly  be characterized after a var ie ty  of crys-
tallization he at treatments . The hysteresis loops , hysteresis losses, and

- I energy factors will  be characterized as a function of app lied field , and the
composition and heat treatment will  be optimized.

PROPOSED WORN sTATEMEN ’r

I 
The following work is proposed for the optional additional effort :

1. Magnetic properties of crystallized alloys from the l~’e-B-Si -C-Al-P
family will be characterized.

1 2. The compositi en , process, and hea t t reatment  wil l  be optimized for
hysteresis applications .

~1

‘1
:i

•
1
I
:i
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I
I PERSONNEL AND PROGRAM ORGANIZATiON

I CORPORATE RESEARCH AND DEVELOPMENT ORGANIZATION

General Electric Corporate Research and Development has an objectiv e
to provide the technical back ground and developmental skills which enable
Company components to establish new products and businesses. The technical
activities of the Center are organized into nine laboratories . Each laboratory
is under the direction of a manager responsible for the full spectrum of tech-
nical work - - ranging from basic and fundamental  research through applied
research, feasibility studies, prototype engineering, and the transition stage
between development and actual product engineering. The proposed research
will be carried out in the Metallurgy Laboratory and the Electronic Power
Conditioning and Control Laboratory as a collaborative research project.

I These two groups hav e an extensive background in the development of m ag-
netic materials and the conducting of related investigative studies.

I PROGRAM ORGANIZATION

I The responsibility for the direction and comp letion of this program will
be assumed by Corporate Research and Development. Specifically, Lyman A.
Johnson, Manager of the Properties Branch of the Metallurgy Laboratory,

I will have management responsibility for the work. The principal coinvesti-
gators will be Joseph J. Becker and Fred E. Luborsky. Biographical sketches
of the personnel associated with this program follow.

. 1

H
: 1
~1
1
I •
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El t~t ttnuger I ‘rope i t  t i ’s I i ranet i
Met n l tu rg v  I • b oratt ’rv
(~orpornte Heseare h aunt
Ceneral Fieetrk ’ ( ‘ nipauty

j  EL)UI.’ A’I’tON : fl A , M:~, and I ‘III )  in 1 ‘h~’ a ii ’ iii Met a l iurgy ,  II  arv a i’d Uni v e i s  i t  v ,
1tl6~i, I ~~~~ and t~~tV; .

~~ EX 1 ‘1’ 1~ I F N t’l~’: ‘)~ 1t~It ,i .~t~ii h’i’t t he ri ’s iions ibi l i t  v for di i’ i’ t ’ t i uig the in at i’t’i als
related research aunt  dcv c lopnti ’nt at ’ t iv i t t i’s i i i  the I echn t t ’ at a ri ’ as of
pcr tuL~ u ’ui t u * i a g u i t ’t is in , slit  •rt ’i ’uuihn ’t  lv i  t v , s.’i u icon duct  iv i t v , h i g h -

I t emperatur e ~‘ xi i i  at  i t ’l l , and ti t rt ’~ t o t n i  liv I r ans  ft ’rntet t solid s t alt ’ a l loy s .

l)r . Johnson .tol ned I hi’ rest’ arch sI a lt  of ( e In’ i’ at I’  ted t’ie ( ‘o rpt ’rat i’

I R~ searchi and I ~cv e t o p m t’ ut i i i  I t~~ 7. I lL s  I t ’ehidc at work  has l i i i ’ ludt ’d
extens iv  i’ In ve s t  i g at t t ’u i s  of th e ineel t aut i s ins  ot ’ met  ni f a t  i gul’ :iltt l f a i l
ure anti thit ’ tievelo t~inen t  au nt propert t t ’S ev a lua t ion  of “uteel  ic alit ’vs
for high — t em ~ t ’ r at  u i’ i ’ S I rue tu ra t  app i i t ’ at i ot is .  I ~r . .lohnso it has re
c~ (v~ d t w o  I l~ - I ()~) :\u a rds for  alt  i lct ’t r i t ehem t e aL ( ‘rack I )eteet  t o u t

I 
System , aun t an Au to uun t  it ’ I h ’eounpres s ion ( ‘ounpu t i ’  r .

lie has becut aw arded i’ ight 1 . S - p at en t s .  l i e  is a nietu Lte t ’  of the

I Amer ican  Set ’ l ety  for M~ t a Is , and the Amer i can  I n s t i t u t e  of M l u t iug ,
M etat )urg leal  ~tn4I  I ‘e ’t ri ’lt ’uun )- ‘ug t net ’ i’s, aut t i is a ~‘aa I mem ber of the
L’ublic at lout s ( ‘ommui  t t ee of Met a I in r~ t i ’Si ‘1’ r a i t a  a~’ t t o t i s

I
11

9
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I ______________DR. JOSEPH J. )W~’KEH

I Metallurg ist — I ‘ropert ics Bran ch
Metallurgy Laboratory
Corporate H esea rch and 1 )eve lopm eat

- I General Eh ’ctrie ( ‘omp any

I EDU CA’l’ION : BA, MA , and I ‘hi) , ii arv nt’d U i~iv e rs i ty,  iti 43, 1 tl 47, and I t~5O.
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