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INTRODUCTION

The magnetic propertles of nlekel-iron alloys contalning
507 o 50% nilekel sre rucloslly affected by heat treatuent.
2% la well known that papid gooling telow the aagnetiec fHrans-
formation tenperature produces a meximum permeabllity at
72.5i nickels Also it hes been shiown that slow cocling in
o wagnetic f£leld ylelds s mauimum permeability at 68% nickel.
Although theae characteristics have been known for some time,
the mechanism involved s ro% well understood. (1)

The magnetic charscteristics of some of these alloys
under strain atl amblent tenneratures have been investipgated.
To the aulhor's bnowledge, no systenatic lnvestigation has
been rmde on the effects »f sannealing theae alloys under
tenaion. Besides the puvelr theoretical interest in this
problem, a knowledge of the effects dup to tenslon annealing
1a importent in the technology of processing reagnetic mete~
riala. Consequently an Investigation of tension annealing of
this niclkel=iron serles was 'mdertaken.

Certaln marnetic nrorarties of the nickel-iron alloys
suah a3 permeability, coercive force and remanence are ex-
tromealy structnre sensitive. To obtain consistent exnerl-
mental data every stare 1n thelr »rocessing from melting to
final heat treatment mu=t »e oxactly duplicated. Iven ape
parently trivial differe:nces in annealing boxes, melting
furnacea, and gas atmosphers purifiers alfect these sensitive



properties to some extent. Por this reason well-known ex=
periments on rate of ansiin@, ané ¢ooling in a megnetic
field were carried out for the same alloys used in this
toension annoaling investigntion. Only In this way gould
an sccurate comparison be r»ade between tenalion and sbandard

methods of anneallng.



SECTYON T
PRUPABATION OF MATTRIALS

1. Helting. Allovs were prepered in 55 ateps between
Lo ang 100% nichrels Ad2itlional gllcys wers later prepared
in replong that anneared to e of sapecial Interest. The
alloys were nrepared by melting together electrolytie iron,
clectrolytic nickel, and electrelytic manganese in an ine
duction fwrnace under carefully controlled conditlions.

Thias included melting the constisuent metals under a vecuun
and subsequently refinivg the melt In an stmosphere of hydroe
gen., Table 1 shows the nurity of the raw materiale ugsed In
the rrensration of these slloya.

The furnoce ased for selbing wes an A jax pressure-vacuun
furnace of 30 1b. melilrr crpacity. Power for meltine: was
farnished by a 3000 crele, B0 VW Hel sget,.

The charge, conalating of Iron, nickel, and mencanese in
each case welghed & tobnl of G000 pms. Iron and nlokel nade
up the hulk of the chareres. ‘These wore leosaded in s crucible
of high purléry electricenlly fused McO, free from sulfur. A
amall anount of wmenranenn (N.5%) was ndded to faeilitate hot
workting. It was nloged Ir an externally operstad chute,
making 1t possidble to make p manganese addition at the de-
sired time. This waa nececzaary o prevent the loss of the

entire amount of manganess, becesuse of 1ita relatively high

VAPOr pressurd.



CHEMICAL AHALYEIS OF RAYW HATIRIALD

METAL F¢ R M 81 7
w4 Fo 99.97 Tr. nil 0.01 0.005 0.006
wit Bl 007 99.22 ~  0.009 0.002 0.015 0.013% 0.59 0.005 = 0.001 - = = 0,004

#3 ¥n 0,003 = 99.95 0.005 0.004 0.015 0.02 = 0001 = 0,001 - = 0.00h =

€o Cu Cr ¥ ® V 41 5b

- e

{14
o o

OUF il - Pr. nil - nil nil -

% Tetermined with leco Carbon letosrminator

w# Llsctrolytic



£fter properly loadlng the ocharge, the furnace chamber
was gecured and evacusted until & vressure of 0.5 to 0.6 ma
was attalned, as measured on & IStokes icleod gauge. The
power was then turned on and adjusted to 10 KW for a period
of five minutes, and raised, thereafler in steps of 2 KW
every flve minutes untll complete melting occurred, at ap=-
proximately 26 L¥, The gradual heating cycle was adopted
te prolong the life of the orucibles which are gulte sus-
ceptivle to heat shock. IHyvacuation of the furnace was con-
tinued during this time. The cycle lasted for asbout forty-
five minutes to an hour. Dissolved pzases were evolved from
the metal during the melting period, so that the final
pressure over the molten alloy rose to & somewhat higher
value, ranging from l.0 to .5 mm. Some of thw carbon and
oxyzen praesent in the metal were no doubt removed as CO
during this preliminary melt-down In a vacuwa.

Purther refinement of the melt was carrled out by the
use of a hydrogen atmosphere. Pure dry hvdrogen was allowed
te £ill the evacusbted chamber. Wet hydrogen, prepared by
passling hydrogen directly from the tank over water, was then
allowed to flow at the rnte of 8 cefeh. for 1/2 hour. Alfter
this decarburlzing treatment, deoxidaetion waas effected by
substituting pure dry hydrogen (dew point «92°1") for the
wet hydrogen at the same rate of flow, for an additional

ong-nalf hour.



Although from a purlification standpolnt it 1s desirable
to pour the melt under a pure dry hydrogen atmosphere, this
would result in a porous ingot, due to eveolution of the
dissolved hydrogen during the freezing process. It is pref-
erable to flush out the hydrogen and replace it by helium
Jjust prior to pouring because the latter gas 1ls relatively
insoluble. &ince 1t 1s desirable to add menganese at this
time, the two operatlions are done together.

The chamber was first flushed with pure dry helium, in
order to remove the hydrogen aafely. The manganese addition.
was made at this time to allow suffiliclent time for mixing,
and the chamber again evacuated to reduce more completely
the dissolved gases. The evacuation proceeded until & pres-
sure of 5 mm was reached, at which time the chamber was agailn
filled with pure helium. The temperature of the melt was
finally sdjusted to 15L0°C, as determined with an optical py-
rometer, and the alloy was chlill cast in a cast ilron mold
coated with slundum cement. The resulting ingots were sguare
in cross section and of a tapered type wlth big end up, meas-
uring 3 1/2 inches at the top and 2 3/, inches at the botton,
and about 6 1/2 inches in length.

The final composition and purity of the series of Fe~HNi
alloys prepared by thls method may be judged from Table 2.

2. Rolling. Since all nickel-iron alloys were cast in
square ingots 1t was necessary to cut slaba of 1" thickneas
from these ingots in order to be able to roll them on our

laboratory type 2-high rolling mill which has 6" diameter
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Af%er final heat trestment, the sulfwr and carbon c¢ontent will be

substantially reduced.



rolls with 10" face snd g& maximum ovening of only l-inch.
These slabs werse cross sectlional pleces cut transverse to
directlion of cesting. They wsre machined on all surfsces
to remove secale and surfece impurlities thet msay have been
rilcked up from the molds during the ¢astling process. AL

thls stage the machined pleces had dimensions of approxi-
mately 3 1/L" wide by 3 14" long by 1" thick.

This plece wus then heated et 1200°C in an electrical
furnece, and this temperature was held for forty-five minutes
to insure uniform temperature throughout the alab., A small
flow of helium was pasged into the heating chamber to reduce
oxidation of the slab duvring heating operations. Tnitisl hot
rolling consisted of talking four paszses at 005" per pass on
the Z-high mill and then rehesting for five nminutes before
repeating the overation. This cycle was repested until the
cast dendritic structure had been broken down and then 1t was
possible to take four passes at .015" per pass for a total of
+060" reduction in thickness before reheating. This practice
was repeated until the thickness of the sladb had been reduced
to .250" thus giving a total hot reduction of 75%.

The slab waa then presszed flat on the 200 ton hydraulic
pross and placed in the furnace for 30 minutes at 1200°C be-
fore air cooling. All edres were machined for removel of
edge cracks and all surfaces were sandblasted in order to
remove the scale thsat hed formed during hot rolling opera-
tiona, At thlis stage the rmessurements of the plece were ap-

proximately .250" thick = 3 1/L"” wide x 10" longz.



The alab wes then cold rolled from .250" down to 023"
thilckneas taking alternate passes of L0277 and 008" reduc-
tion nar pass, thus gleving a total eold reduction for this
stage of 91%. The material was thon colled and given s pot
anneal in Iydrogen atmoosphore for one hour at 950° U ang
furnace csolod.

Parther coldd rolling was done by taking reductlioma of
only «001% %0 003" per peass undill s thickness of 01L" had
besn reached, thus pilving & total cold reduction of L0H
aftor ameal. Ths materinl wrs then ready for stamping ine-
to laminatlons or cutting into Lest specimena, as required,
before 1% recelved the flnal hydrogen annoal.

3o Firat Hydrogen fAnneal. It is well known that superior

results can be obtained br amnemling soft magne tlic materlials
8% & relatively hilgh terperature in a pure dry hydrogen
atrosphwre. Under theas conditlions not only s oxidation
prevented, bubt impurlties ere actually removed from the
charge. Some materials, szuch as the nlckel-iron alloys, sre
particularly susceptible to very small lmpurities in the
anngaling staocsphere. Although commercial hydropgsn can be
certalned at 99.95 porcent purlty, such hydropgen is not satlz-
factory for magne tic work and must be further purified.
Commsrclal hydrogen s »roduced by scveral processes,
but electrolytle hydrogen is mreferred. Although L1%s Stotal
purity may be lower than thet obtained by other processes,

electrolytic gas 1s preferred because the impurities are
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mainly oxygen and water vapor, both of which can he readlly
removed.,.

Plate 1 13 a schematlic Jlspram of the hydropen purifli-
cation asystom whileh was developed for the purpose. As in-
dicated, e electrolytlc hwirogen o-nalsts nalnly of
hydrogen, oxygen, and water vanor., Hecaunse the pas is oll-
pumped, saall traces of oll vanor :amy also be pressnt.
8inece the oxyren 1s burned over & palladfum catalyat the
actlvity of wihlch msy be veadlly lmpalred by the prasence
of oll vapor, the gas Ls Tlrst passed Lhrough & tower oonle
talning actlvated charcosl which removes oll and other
vapors that nlght "poison” the catalytlc sction. The cataw
lyat conaista of one-half percent palladiumeone~alimine
pellets. Although satlsfactory results can boe nohleved at
roord tomporatires, the entalvat L3 actually meintained at
2502C. 1% f3 reported thet »n sreater portlon of the sur-
face arca of the catalyst 1g actlive of the higher fenmpera-
bure, and 16 19 less suscentible to polsoning. Decause the
catalyat 15 :mintalned shove Sthe temmerature of the normal
bolling point of water, inactlivitr due to the posalthlility
of water condensation on 182 awface 1a nminimiced. 7Tt ia
reported bhat by thls method the ocxrgen oontent Zs reduced
below one part ner millinsn. The oxveen content waa cheoked
usaling enlorimster techniques and shown & bo leas than one
part per hundred thousand. eening the catalwst at a high
temmerasture is an efficient mothod for removing oxyren and
should operate indefinitely free from maintenance.



PLATE | PAGE 9

TO ANNEALING FURNACE
[ n

/\ N e [ ]

ELECTROLYTIC / | I / T:230°C ~
HYDROGEN  AGTIVATED 0.5% PALLADIUM —Dr ~—
Hp, 0g, H0 CARBON ON ALUMINA 6?
OIL VAPOR OIL VAPOR 2Hp +0p = 2H,0
ADSORBED ACTIVATED ALUMINA
H, O ADSORBED
[ —]

T=230°C

IN USE ~ REACTIVATION
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At thls point only water ls Lleft to be removed. This
removal 13 accomplished by adsorption on sotivatad slumlna.
Activated unlumina L3 sluines oxids whose spocliflic surflace
has beon greatly lncreassde. Gases, thse normal bolling points
of which are rolatlvely hipgh, will condense on lis surfaca.
In thwe case of water vapor, actlvated aluwmlina will adasorb
ot anbatantially 100 percent efficlency &t rooxm temperature
untll 12 to 1 percent of 1ts dry welght of moisture has
beon adsorbed. Thus adsorption scceurs In layers proceeding
from the entrance end of the moist pas towards the exlt end.
Linse the oxdd end i zubstantlally free Irom adsorbed
watar, the exlt gas 13 very drye

Activated alunlina Le svallalle ifa many grades. w#e have
choepen grade PL, which 1o pure alwainsg, because ol lts
higher reactivation temparature, and becsause practlealily all
pablished dala portain to this particular prade. iased on
culoculations iavelving totsl gas Jlow and the amounts of loe
parities present, the unit La reactlvated hefore Lhe molsal
zone resehes the exit snd, By the valve cumesciions indle
cated, the gzas Ls then dried through the other tower, wnd 4
portlion of this purs dry gee iz used for rescibivatlion. It
should be notlced thut the reactlivating gas [lowa opposlits
to that bolng dried and in thls way the molst zone ls lorced
baclk cuat the sawe way that 1t came. Thus, if the reascti~
vablon Lu Incouplete ths reaidusl wolsture ia locatad in the

melet end of the drysr. The dry end should never be pore
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mitted %o become molat, Tt ia surprisinge thst in many of
the commerelal uanists the reacltiveting gas flows in the same
dlrection as the pas belna dried. Tn fthat caas, during ree
aotivation, ths molesture is forced oud throug: the dry zone.
Ir 24 is incomplete, bhe 3w being dried Lg conlismineied
digp o the regidual molessara left In bthe exlid end., Jnother
faature of thls drying syabtem s that pure dry hydrogen is
agsed for reactivatione Thnm the adsortent ls never cxposed
o salir or disconnected Trom Lhe oysteme I ho oaximanm re-
activation teopersture is rever exceeded, Lhals dryling svesbem
ahould operste indefinltely wnd substantlally frece Irom
maintenance .

specisl precautlons are Saken te ellainebte wir lealks In
the avstemn. Packless valves are uscd througiout. Joldered
Jointe end leasd gasket seels are amployed. Dlinmination of
sir lzaks la merticularly i=zmporisnt since the nerformance of
the syvetem i3 uguaally chweked by messwrement of 1os toiel
molsture content (by dewnmnini) and alr leaks osourrins safter
the deoxildation Gower migﬁﬁ bo notlend. detal hweoe 1o used
for 8ll flexible pos connectlions., Organic tubing L general
is ot satisfactorr due to fte absorntion of water. LJueh
sdsorptlon ls particularlr bed I the hose 18 used 11 r2Pw
mittently, a8 in dew point determlnablons.

The molature corbent of the purifled res as messaved by
dew polnt determinatlions '8 consistently bLelow =900 ', The

"

oxvren content 1s less fhan one part per hundred thousand,

.....
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The mere introduction of pure dry hrdrogzen inte the
faraace 13 not sul'ficleant Ho insure & pure atiiwaphere
within the furnace. AlLhough the charge 1s enclosed in s
cas-tloht metal container, gas wlll be evolved by the econ-
tainer during the anneal snd In this way contaninate the
atmosphere. It has been found, however, that by using a
suitable inner metal liner that 13 outbtgassed at g higher
tempoerature than is intended for use, good and consistent
resulits can be obtained theresfter.

une Indication of the condltion Inside the furnace can
ve olbtained from the dew noint of the exit gas. If all the
necessary precautlons are taken, exlt dew polnts of below
-75° ¥ can be obtained. Under such conditions meximum per-
meabllitlies of 270,000 can te consistently obtained in some
of the commercial grades of high nlickel~-iron alloys. If
pure dry hydrogen is ussd but the precaution of cutgassing
the contasiner is not tsken, a permesgbllity of around 130,000
1s obtalned.

The annealing cycle used for the nickel-iron serles was
to hold the alloys for 18-hours at 1200°C, furnace cool to
1050°0 and hold for four hours and furnece cool to roon
temperature. Subseqguent annealing 1s described below.

L, Tension Anneal. A standard specimen used in bension

annealing experiments is shown on the left of Plate 2.
Flate 3 shows how the specimen was supported during the ten~
sion anneal. This assembly was lnserted 1n the tube furnace,

shown in Plate [, containing a pure dry hydrogen atmosphere.



FURNACE ASSEMBLY
USED IN TENSION ANNEALING
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Suituble welghts were placed in the contamlner at tivw botton
of Plste L to provide the meceagsary tenalon on the speclmen.
In order to prevent fusing %f the specimon fo 1ts susponsion.
metal to metal conbteots wore prevented through isoletion by
refractorlies.

The anneallng cycle employed in most cuses had for 1ts
tnitial shep the rsalasing of the furnace slowly to 600¢ C
viwere the tenperature waz malntelned for ono Lwour. The
welght was then applied and the specimen wus cooled at 009C
per hour down to 250V°C, The tenslon was removed and the
specinen withdrawn fron the fuwrnace. The cooling rate was
controlled sutomatleally Ly msens of & standard on-ofl{ tem-
perature controller driven by a speclal timing wmotor,

[Plate 1, lower right).
Se Mogmotle Annenl. Tn zeneral, the speolrmens used in

megne tie annealing oxporizents were anmmular ring srecimens
and cireulesr discs. Thesr specimens were mounted in special
Mueneces In which megnetlic lelds could be applied In preo-
ferred directions. Por ring specimens, a clreular {leld was
conerated by passing an elootric current along the exlis of a
rod of circular cross-sectlon. Thw rings were concentrically
gupported on this rode In the case of dlscs, 1t was dealired
to genorate & wagne tic fil2ld parallel to & preferred dlameter
in the plane of esch dlsg. The dlsce wero annesled in a tube
furnace contralilly located on the axls of a water-coolied

golencid.
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In order to prevent contamination, megnetic annecaling
was done in a pwe dry hydrogen atmosphere. The furnace
tenpors bure was slowly ralsed to 6009 . Thla teaperatime
was above the Curle bomperature of all alloys in thls serles.
The megnetic fleld wes then turned on and the teuporature
maintained long enough to Inswe therel equilidbrium. The
actual times used are Iindleated In the data to follow. The
furnaces were then cooled st standeardized cooling raftes in
the magnetlc llelds. The flelda wore not removed until the
temperature dropped below 250%C.

The owgnitude of the megnetic flelds used wae ctendarde
tzed and depended on the shape of the specimen. According
to proviocus experdence of the author, 07 osrateds was satlse
foctory for ring speciuens. Due %o large demsgnellizing
effacta of tlw dlse speclrens, an applled fleld of approxi-
mately 1000 cersteds was used. This wes aufficlently large

to insure an intornal fleld in excesa of 87 oersteds.



SECTRION XII
HACHYIIO MPALUNIDEINTD

l. Permeabllity. It ia well known thet the use of con-

tinuous ring specimens 1s preferred for high permeablility
measurements. The elimination of air gaps is asgwntial in
order to determine accurately the magnetlizling force within
the specimen. DBDecmuse & constant megnetic potential 1s ap-
nlied to the test semple, the magnetizing force will vary
along the ring diameter. Therefore, 1t 18 desirable to keep
the annular width of the ring small compared to 1ts mean
diameter. A satlafactory specimen for this type of inveatie
gatlon consisted of several rings, 1.625" 1.d. by 2.00" 0.4,
and .0U" thick. Such specimens were used throughout the
Investigation unless otherwise noted.

Unfortunately, 1t is difficult to arply & uniform ten-
gion on a ring specimen and therefore they were not used in
tension amealing experimenta. vne method of introducing
uniform tension during annealing would be to apply & known
welpht at the end of a stralight magnetic apscimen. Due to
demernetizing effecta cauaed by the ends of thls specimen,
the Intrinsic mesgneitle permesillity canmnot be determined
accurately for high parmeability alloys. One could use a
wire whose length is large compared to 1ts diameter, Plate 5

shows the relation betwoen the Intrinsic and apparent per-
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meebllity of & cylindrical rod as a functlion of its dimen-
glonal ratio, m, the ratic of length to dliameter. It is

seen that to measure an ilntrinsic permeability of one wmillion
a Glmensional ratic in excess of 1l000:1 1s reguired. ‘he
proklem of properly handling a number of such specimens would
be difficult anc the final results 1lnconclusive. Therefore
i1t was Geclded to eumploy & continuous speclmen of the type
shown in Plate 2. Overall dimensions are L 5/16" long by
5/L" wide, and 1/2" nigh. '"This was fabricated using a single
turn of tape, 9 5/8" long by 1/2" wide, and .01L" thick. A
double lap joint was employed to minimize any demagnetizing
effects caused by the Jjolnt. &t the high temperature em-
ployed in the flrst hydrogen anneal, adjacent mebtalllic sur-
faces in the Jjoint fused together making its reluctance
extremely low. <he reluctance of this type of joint was
checked by magnetic annealing a clircular specimen. The per-
meablllity obtained was sufficiently high to prove that the
reluctance of this joint was negligible for the tension
ennealing Investigations.

“ne obJjection to this type of specluen 1s that the ten-~
sion 1s not constant throughout 1ts length. It 1Is evident
fron consideration of the free body dlagram shown in Plate 6
thet static Iriction will reduce the tension in the curved
portion of this specimen. An estimate of the minimum ten-
sion, Tmin, found in the curved sectlon was sought. The

tenaion along an incremental element of the curve may be
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represented br & Taylor aerieaq
T(6+aB) = T(8) +3540 + LdT AG +--
2!d 6
The normal stress comporent on the curved support is TAe .
Due to friction this chanres the tenslon by an amount
-»Tab
where 77 15 the static coelflcient of frietion. &quating
and passing to the 1imlt,aB+0, we cbtaln the following

differontial equation:

—dd%--r?;T =0

Tha golutlon of thia eguatlion 1s:

_'79
T(e) = T; e where 1(0)

- I

dow T(0) 185 a sitnimum ot O = 72
™ =Zm T =—u
or Tnm =T(—2—) = T; e 2 _Em = e 2

At flrat unmmllished alwindum was used s e curved sup-

ture 1t was found thaty = 0.3, Thus = 0.55 which was

o P LN P L A g 1 2 . ] o~ N - : !
consliered an egxcessive variation in miformity. Sinan it

. v ey S [ S . e T B Y e . . " J . “ .

1w expecied Lo Le sven “1l-hor a2t amealing hemmeratiares,; due

. N B o o b &, e . o~ - 2c JOWRN, o,
o o dncerecase ln Pl ¢nofTiclent of frlcitinsn, a muvrher of

aefracbories woerse Inveabtlirated, The most satisfactorr matoe-

i

-3

1.

L]

. - SO T 2 LT . - - . o~ — ,
el Foand wws nilcsne ™ils mu3&m37 T .22 or T = 7.
Lo wae Jowid swi'rlicient Just o Liserd several IHlo shoots
. L1 s iy v . P T N sl B e

of wlca betweon the wluniuae and the speclmen,. T ~lesn dld

not aeberioraie bto any noticocable oxtent durlia; tha heat

treatment.
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Tt is Interesting o nobte that the minimum tension 1s
Adetermined only by the bending anrle. Also the sraller the
hendine radinag commared to the lencth of the streisht sides,
the lerger willl be the fraction of material at maxinum ten-
sion.

How, the ring srecimena were mmeched out of strins of
the reolled allov, Since the magne tlc fleld nsed in ver-
m@&bility measurements was apnlied circumferentially, any
tendency of preferred ovientation of the grains would be
avereved out In the mesanrement of ring specimens. The
tensior anecimens were wmade oul of strins cut narallel to
the rolling direction. Tn the latter case, the magnetic
megauvrements were made ir the rolling direction. Conse-
quentlyw, crain orientation would inflnence the measurements.
in order to minimize thia, the rolling and heat treating
nrocedurs nreviously deascribad was deaslirned to sunnress
srain orientation.

The permeabil’ &ty measurements were made in a conven-
tional menner using an L % ¥ tyne H3 2205~ ballistic
ralvanometer emnlored as & fluxmeter. In such measurements
it 18 necessary to wind orimary andé secondary windings on
the srecimen. Jdince the rermeablillity of sone of these nickel-
firon allors 1s very senaltlive to machanical atress, s method
of =roperly supporting the test windings is oessentisl. The
ring gnecinens were inssried in sn ennular plsstie box to
gummort these windings., A rlaoatle coll-form was esrached

about each tension specimen &s shown 1ln Plate 2 for the same
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purposc. HAfter the windings were put on the form, each
speclimen was Inspecied to insure that 1t could be moved
fresly in the box and therefore be free from external
3LTes3.

2. Anisotronv. The method used for measurlng magnetic

anlsotropy was o measure tne torque on a circular disc
speclimen when rotated in a uniform magnetic fleld parallel
5o the plane of Lhe disc. The disc used was 3/," in diam-
oter and .01L" thick. The magnetic field was produced by
an eslectromagnet. A field of 1500 oersteds was employed.
This fleld was sufficiently large to substantially overcome
the demagnetizing effects and saturate & disc of these
dimenslons.

Preliminary torque messurements were made on a disec sus-
pended in the fleld &t the end of & calibrated non-magne tic
splral epring. It was found that this spring wes non«linear
ancd calibration uncertain due to handline. Also different
gprings had to be used depending on the slze of the aniso-
tropy energy. #Although some of these difficulties could be
overcomne by using & delicasts suspension, 1t was declded to
devigse a wide range self-cslibrating dynamometer, The ine
strunent developed for thls purpose is shown in Plate 7.

The basic vrincival feature 1s the sttachment of the dlsc at
the end of s shaft coupled to a sensitive balance. The bal-
ance measures the torque on the dlse in the fleld. The »
speed of measurement ls asugmented by use of a chain-o-matic

balance. This dynamometer is self calibrating and hes &
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verr wide ronge. A cear orrangement nermlis orleontating of
tha @lse in a large mumbaor of dlscrete noaltlong L the
Tleld,

The discs were nrocessed wiih the other sveclasns and
conled at the mregcriberd coalinge rate. The residual torque-
curves {toraue vs angle) wore moasured. The dilse waz then
marmmablio annealed ans the tovgue curves were ro-dnierained.
The new curves were found to be anproximately alne ourves
having a rototlonal perliod of 180°,

I mest ecases the rosidial torge had a robsalional

P Airege

replod of 1007 with an =oullibriam nosttion ("easy
tion) nt spproximabely 90° rprom the rolling dlrectlon.
LSince the cuble symme try of the lattice would require a
paeriodliclty of $0', magne tlc anlsotropy could not account
for the residual torgue. It 1Is belioved that the primary
cause of residusl torgque was & sllight lack of symmetyry of
the diac.

In the [irst bests magnetlc annealing was performed with
the applied field parallel to the rolling direction. This

i

vielded & mew "ousy direction nesrly parallel %o the roll-
ing direction. The borque curves were plotted for each
apecimen before and after the msgneotic anmesaling. These
curves were subiracted graphleally and & new curve was ob-~
talned. By Integration the anisotropy energy introduced by
magne tic anneeling could be detormined. The above method
waa Iinaccurate for small torques, and especlally when the

realdual torques were not sinusoidal. Thereflore, & new
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procedure was devised. This procedure was to anneal the
disc in a fleld parallel to its "easy" direction. Since in
this case the "essay" direction was not changed by the mage
netic anneal, 1t was sufficlent to mesasure the sreas under
the torque curves of each snecimen before and after the mag-
netlc armeal and subtract. The average change in ares under
& hall cycle was called the anisotropy energy introduced by
magne tic annealing. The anlisotropy energy denslty intro-

duced by magnetic annealing, f , was obtained by dividing

K
the above energy by the volume of the specimen, Both methods
of determining the anisotropy energy density were employed
on alloys pertinent to the argument to follow and close

arreement was obtained.
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HRCDLION IIE

RESULTS OF TENSION ANNEALING

Prelinminery experiments on a 72% nickel slloy with ten-
slon applied at varicus poinis in the annealing cycles,
indicated that with sufficlently large tenalons the nagnetic
properties were profoundly alffected 1f the tension was ape
plied during coocling, below Curle temperature. lLxperiments
on ennealing in a nmagnetic fleld have shown that the fleld
influences the wagnetic rropertlies only when applied on
¢coling below the magnetic transformation temperature (2).,

Ancther set of preliminary experiments were made using
different rates of coollng during the tension anneal. It
was found that the magnetlic properties were influenced by
the rate of cooling. Conssquently, the cooling rate was
standardized for all tension anneals.

Plate 8 shows the meximum nermeabillty obtained by ten-
sion annealing for different compositions. Four different
curves are drawn representing zero tension and threge dif-
ferent values of tension applied during the anneal. In
general, an increase in meximum permesbility was accompanled
by a decrease in coercive force, an increasse in residual in-
duction and initial permeability. A table of these magnetic
pronerties for the 60% nickel alloy ananealed under different
values of tension is shown in Plate . In the dlscussion to

follow only the maximum permeability wlll be considered since
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thiia was typicsl of the other magnotle charscteristics. In
general, a substantlal increase in permeablllty 1s obtalned
cn tenslon ennealing for snmnositiona between 50 and 82.57% ‘
nickels Qutaslde of this range the permeabllity is decreased
by tension annealling. TFlates 9-13% show the maximum per-
meebllity as a funcilon of tenslon during annealing. It

ls seen that the greatest inerease In permeabllity occurs
at (0ji nickel. The highest maximum permeabllity obtalned

1s 99,000 for thls alloy annealsd under 0,1 kilograms per
square millimeter of tension. This permeabllity 1a approxi-
metely 9 timos as great ms that obtalned by ordinary

annealing without tension.
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Shifiafg IV
THRERHIAMAPTONY O BISTLTS

The magnetic characteristles of nilckeli-iron alloys une
der the influsnce of mechanical stress at amblent teupers-
tureg has been Investigated Ly others. Thney [ound List the
maximm permeabiiity inceresased wibh tenslon in the wiloya
for which the saturstion polycrystalline magne toastriction
acnamnh,x » was positive. Ulonversely, Uwy lound that
the wmeximum perneabillty decressed when 3\ was negalive.

It might be expected that the results of tension ammnmealing
would be similar $o results obtained on materisis under
stress at amblent tempsrabure. oHinge we are primerily in-
torested in explalning eflects obmerved at different com-
positiona, the saturation polycerystallline magnetoatriction
constant is shown in Plate 1} as a function of nickel con-
tent. It ia seen that the decrcase in permeabillity on ten-
slon ennealing for compositions greater than 02.5 nickel
may be explained by the fact that A is negative {or theso
compositiona. Une of the outstending resulta of thlas in-
veatipgation was the decrease in permesbillty on tension
annealing for compositions having less than 505 nickel.

Thias cannot be explalned on the prior thoory since A is

mosltive for these compoaltions.



FLATE 14
SATURATION MAGNETOSTRICTION
POLYCRYSTALLINE Ni-Fe ALLOYS
ACCOPDING 0 DIFFERE™T AL THORS

FROM BECKER AND DORING, FERRCGMAGNE TISMUS
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Tt has hoen found that in renoral masgnesoastricotion Ls

»)

net Lsobrople but depends on ovilentatlon with ressecth W
Ehe arestal axis. Tlese Y9 ta oo o prenroductlon of Llohtene
havroerta datn on e sotoretion mopgrnetozirlietlion coergtanta
far two pringlimml ervestnllecsrarhle directlions [.sf}ﬂ] shsis! [" ll]
The ononstants are desipnnted sne ')\‘00 and Xm , rasnechlivelr.
TE 1o seon thath Xoo become s neretive In e vanps of Qo
rost tion under considerntton. Dince ench of the molyervatale
line moteriale ander Investicration s reslly an agrregnde of

aingle crystals, A nay be conaldered ns an average of bY
mnd \

the orientation of individunl preing, 7t la evident that

100

 TProverly welphted secording to the distribution of

\ nerative 18 not incoemratible wiﬁ‘zr:.‘& positive In the

(s &}

L,0-50/ nickel range since N\ ia pealtive. Tt should be

U]}
mentioned that the dats ahown in Plate 15 hes been zhown to
be 1in error since the volorwe magnetostrlictlon was not ellm-
inated in the measurementn (3}, The volume mepnetostrliction
i1z rrestest near 30% nlekel and the data st the lower nlckel
renge 13 In greastest error.

' order 4o wmaderstend the role of 3\0, s In tornszslion
snrenling, s discuaslion of rmugnetic anisotropy L& in order,
In fact anlsobtropy conslderaiions are Lfmportant even when
only isetraplc magnetosiriction 1s considered, since the
tenslile forces tending to orlentate the magnetization vector
must compete agalnst the orrgtnlline forces, the letter belng
& manifestation of magnetic anlsotropy ener

Ty The aniso-

tropy enorgy density, ., may be formally written ss & power
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aerlies of X ,x,, X3 , the direction cosines of the magnetiza=-
tion vector wlth respect %o the crystal axis. It 1s known
from exnerinenta that the resulting expression must have
cuble symmetry of the crystal lattice. TFurthermore, the
marnetization 1tself has certaln symeetry requirements.
™8 1% can be shown (l.) that to the firat anpproximation

.= K (oMot + oot + et )

In this expression ¥j 1s the cublc anlsotropy constant and
it is given as a functlon of composition in Plate 16,

To obtalin the equilibriun orientetion of the magnetiza=-
tlon vector, or the so called "easy" direction of magnet-
ization, we muast find the direction thatb makeﬁ'ﬂ a minimum,

or Sﬁ( = 0. 3y differentlation

&4, 2% St FEbot, + 2l b

The «'s are connected by the following equation of constraint:
x! o+ o, Ao, = |
and by dlfferentlation
X, b, + % b5Aa + X3 EXs = O

By addiltion and use of LalGrange's undeternined multipliar,}~,

24 £ abe ]
ao(' + X%SO" + (20(1 + )\O(L 60(1 t —8—-&3 XO( 80(3 'O

Since we have two indevendent varlables, eé.g. X, 3 and a



4 |

o

PLATE

.....

a'.'.lt.l.
i

i

r —
H

i

'

H

i

1

e e e s

IR I

1
t
1
4
i
|
[N S

[V S

[T
LN



constant )\ to be determined, we may set

3'& = —_ - —_ *
LA A, = 2K, o¢ (| —oth)
2h < A = 2o (o)
afc = -he, = 2 Koot (1 —2)

K4

Solutiona to this set of minimal equations arecc, = o, =o<; =4
or [111] end <« = 1,9 =o; = 0 or [100] and equivalent
cerystallopraphle directions. Dy substitution in the equa-
tions for T, we f£ind thet 1f 1> 0, [mq ia an "easy"
direction of magnetization and 1if K3< 0, [111] 1s an "eaay"
direction. Thus we see that a decrease In )\ = with com-
poalition might seriously affect our polycrystallline results
since (100] i1s an easy direction of magnetization ln the
range of compositions under consideration.

In order to understand reasulits obtained by anneallng,
one should conslder how thwe mesgnetostriction and anisotropy
behave at elevated temperstures. Now it fg known (5) that
in general the anisotropy energy falls off qulte rapidly
with increaaling temperatwre. The magne tostrictlon also de-
creases with temperature, at least for the only case known
to the author on which experimental data 1s avallable (6).
However, the anisotropy dirmdnishes at &« faster rate than
the smapgnetostriction, When the anlsotropy la smell st room
temperature we can neglect 1% In explaining effects taking
place at elevated temperatures. ihen 1t is falrly large at

room temperstures 1t will stlll be a second order effect at



elevated temveratures, rarticulsrly when the mernetostric-
tlon ls large. In the latior case we willl Include 14 vhen~
ever convenient for analwele, Let us now conalder the ceses
in which the masnetostrictiom i3 anisntroric {Uase T) and
isotrovnic (Case II).

l. Cagse XI. Anlsotropic Hesnetostriction. Iet us consider

only the favorably orienteted erainas, the crvetal axls of
wniech 18 parallel to the arnlied tension. ¥hen there arvre
only two magnetostrictior constents ) = end 7\ and a
uniform tensile stress, T. actine with direction cosines,
Y .7 ;75 s with resnect to the orvstal exis, the mecneto-

striction vmert of the erercy density, L‘m , 1s (1)

e

toe =32

me

o (AT P+l Py + 2 B)
=3 A\, (Aof, Pt ofof, Py + oty B,)

whe re P.k = Tw{ YK are the stress camponenta,

™ Case I, T = —3 )\loo = T

me =)
fradd Etﬂﬁ = -3 N AT
S, e

The mlinimel equatlions previously considered now become
b S A (a2 K ([-x*)—3 N\ _T]
-\ o 2 K = (1==2)
Nefy = A Ks (1-o1;)

Jf course if ), = 2 there will be no effect of tension in

Ul

tnls case., Thils roughly corresnponds to alloys contalning

about 50;3' nickel.



-7 g A e oy e PR,
TP T, >0 which 1a trous Cor L0400 M1, golublong rield-

-t g orlintepe o

e Ny O K=, o =Xy s O ar 207
en W < 0 KX,=0, X,z 1, X3=0 ar o [an]
X, =0 X, =0 oK, = or [oo1]

Mna A7 \wo>0 » tonalosn anvenling will tend to orlentale
the damalng of the Pavoralle arniontated ~ralng alonme Hhin
=enaolon directlon. ’ﬂ}:cm-\m>o , tenalon will ~reato n

araforenee for domaing nrntentnted obf r»icht anslea 8o the

tanalon dirsctlion,.

2. Case II. Isotronlic Harnetsatrictlion. In thin cngsa we

conalidor lsotronle marnotostriction or ‘)\wr A = X

Heyyr 'Fme baconas

£ = —%3\ T [0+ o7+ oti ) t Ao, 77, ror X T, X XX 7;)]

How the angle Y between T and the narnetization vactor is
Adetarmined by

Cos ¥ =D(.77+Q’z7§. 'rq/',');

Cost ¥ =X +al 1, +og 1 +2(XXN% +A XY +AGATS)

s fio= 2 NT Cos #
Ve asaume thet we can nerlect !y for thils case at elevated
temperatures which is reasonable for mosat of the allova be-

tween 50 and 95% Ni. The minimal conditions are:
ihen X ~O Y=0

Yihen _3\40 Y- -T 2,_”—

M

o\
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e we sec bhab with mosltlve lsobronlec marnetostirice-
tlon, %henslon tendn bto 1line the nmronetic domalns alongs the
tenglion directlon indenendent of the orientatlon ¢f the ine
dAividnal gralna. Tn the other hand, with nerative ilsotronie
“armetostriction, tenalon orienta the maznetic domains at
rirht angles to the tenalle force. If the anisotrony energy
1a larrcae, the effeect nf erratal farces wold have o bhe
tal'an Into asceount. They aan be neglected Tfor nickel cone
tants betwoon 50 and 90%, since the anlsotropr is wmall at

ambient temneratures and necllicibhle &t annealins temmeratures.

3. F¥ametization Trocess. According %o the domain

thaerr, in the denarnatized stnte, mernetic materlals are
comnosgad of a larre nurber of mieroscopic regions or domalns,
each masnetized to gaturation, but 30 orlentated thnit there
a3 no nat nacrosconic marretization. Dach domain ls oriene
tated along an “easy” crystallogranhlc direction in absence
of any disturbling influsnees such &a sbtrains., ¥Fhen a =small
fleid I3 snpllied in a_giv&n direction, favorably orientated
Adomalng rrow reversibly st the sxpense of wnfevorably ori-
entated domains, In larcer Ticlds irreveraidble €07 and 180°
rototlona also take nlace, In flelds approsching satwating
P2elds, a reveraldble robatlion tales »lace in whilch the do-
mains are rotated away from thelr "easy™ direction and into
the fleld direction.

According to domain theory (7), 1809 potations can
occur at a lower ensrgy than 900 rotations. Thus a higher

permeabllity can be obtalned if the proportion of 180°
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rotations to 90° rotatlona can be increased. in Case I we
have shown that in favorably orlentated gralns, and posi-
tive )”m, end Ky>0, tension ennealing will rroduce &
rreference for orlentaticn of the marnetization slon:g that
narticular “"easy" axils parallel to the tension direction
rather than other normaily equally preferred “eaay” direc-

tionse. In Case Ii with a positive \ and negiigible aniso-

"epay" directlion in the

Lropy, tension will ¢reave an
tenslon direction irrespective of the orientation of each
particular grain. bBoth of the above situations imply a
rreference of 180° rotationa. In both cases negative mag-
netostriction leads to a preference normal to the tenalon
direction. This implies that $0° rotations will be pre-
ferred. Thus we see how tenslon annealing will affect the
relative proportions of 130° and 90° reversals and conse-
quently the maximum permeability.

It follows that the sreatest increase in permeabillty
can be obtalned by tension annealing if the anisotropy 1s
low and the magnetostriction is isotropic and positive.

In sddition, for small tensions,.x should be large. These
sonditions are satisfied in the 60% nickel alloy and ex-
nlairs the results obtained.

While the character of observed changes in permeabllity
rroduced by tension ammealing nas been explained, no ex-
planation has been given of the more fundamental problem on

che mechanism of retention. In other words, why does the

alloy retain the influence of tension applied during
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annealling after the alloy has been cooled down to ambient
temporature and the tenslion removed? An answer to this
fundamental guestlion cannot te presented at this time. The
mechanism of retention is probably a speclel case of a more
ceneral problem including the so-called "Permmlloy Problen”
and the mechanism of magnetic annealing. Helther of these
problems have ever been completely solved, Ve have repeated
some exneriments on the allors made for this investigation,
to verlfly reaults obtalned by others and to eliminate any
experimental discrepancies between our problem and the other
two problenms. Ve will present some new results which have
been obtained and which may ultlmately lead to & solution

of the more general problem. The remalinder of this dis-

sertation will be confined to the other two problems.



SECTION V
THE PERMALLOY PROBLEHN

Classically, the best heal treatment for soft wagnetic
material was to cool down slowly from elevated btemperatures.
it was belleved that this prevented the mechanleal strains
that would be introduced by rapld coolinge. & number of in-
vestigators examined the nickel-ilron serles and taking the
precautlons used for snneallng lron they concluded that the
various nickel~-iron alloys were not as good magnetically as
iron.

C. ¥, Elmen (9) discovered that very remerksble magnetic
permesbllitles could bve obtained by rapldly cooling certain
nlckel-lron &lloys from thelr magnetic tranaformetlion teme
perature %o amblent temperature. I8 obtained the highest
permeabllity at 70.5% nilckel. The nlckel-iron alloys con-

eining nore than %0% niclel were colled permalloys.

&r

In order %o explalin the effect of rapld cooling, "lmen
roatulated that quenching retained & 3n0lld solution of the
two constituents. 9n slow cooling or bakling, s sepreration
took place. The solld asclution was softer magneileally than
the segregated material. e sunported this exrlanation by
resfiabivity data. The guenched aeterisl had a higher resis-
tlvity than the baked mmterlial which would be expected if

serresation took »lece. ™ sdditlon he noted that the



highest initlel permectilility occurred close to thal compoe

slLtlon whore he magneloutriction was Bero.

L

»

The discovery of thle reraalloy effect Inltlabteld ln-
tenzlve Investlgetions In thls fleld. It Mo now beaen
satabllistied (V) thet & sarerstructure exlsts ut a conpo-
eltlon corresponding o WizPe or 760 nlckel. Tho reason
why supsrstpructare shoul? bo harder aagne tlcally than
sollid soliution has nob beon sxplalned.

T effect on rapld cocling in hydrogen of thw nickelw
iron alloys used In thila Investigotion is shown iIn FPlate 17.
ve hwve obbalned the hirhest maxinum and Infdiel pevrmeablli-
ties at 1Y nilckel, althoush only the muxlmum permesbility
hes been shownm. The permesdbllitles osbtelned are Mirsher than
that reported Ly Llmen, due to lmprovements in melting and
hwat treating techniques. 7The reason why we odlialined the
hirheat permeebllity at 719 nickel instead of 73.55 niokel
found by Dlmen, 1s attridbuted to & alower rate ol cooling
used in our investigatlion.t The lower cuwrve in Plate 17
showe the effoct of bakine for 1l-hours &t L25°C, It is
acen that the meximum permesblllity is almost Independent of
composition between £0 ond 207 nicliol and lowoer than that
which ean be obtained for 2ron. The high perncadillty ob-
tained on baking L5T nickel 1s probably due to advanced

‘Hlmen rapldly cooled Ln aly by placing the nagnedlic
speclnen on a copper plato, whereas wo have twroly quenched
in hydrogen Ly withdrawlng the specimen to the cold part of
the annsalling boxX.
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meablllities were measured. By using sirain gauge techniques
and Interpolating, 1t was found that the saturation poly-
erystalline magnetostriction was zero at 85.5% nickele.
Therefore, the dlscrepancy in the above fornmula has not
been resolved.

Some Investigators have explalned the above dilscrepancy
by stating that 78.5% nickel ia & favorable composition
where the anlsotropy and magnetostrlction are both small.
Since 1t 1s desirable to have these two factors a minimua,

78.5% happens to be the optimum composition.



SECTION VI
MAGNETIC ANHEALING

Experiments on cooling magnetlc materials in a magnetic
field are not new (1l). One of the most comprehensive in-
vestirations of this type was made by R. M. Bogorth and
J. F. Dillinger (2). They investigated the nickel-iron
and nickel-iron-cobalt alloys. For the niclzel<iron alloys
Bozorth and Dillincer obhtained the greatest increase in
maximum permeablility st 687 nickel. The highest perne-
ablility obtained in their experiments was 600,000. They
showed thnt the effect wes obtalned only on the cooling
rart of the anncaling cyvele below the Curlie temperature.

In order %o verlfy the shove results we have rmgnetic
annealed the alloys used iIn the tension annealling investi-
gationa. The cooling rete was 85°C/hr. to correspond to
that used In tenosion anneeling experiments. Our results
obtained on the change In saximun permeabllity are shown
in Plete 17, The highest permeability we obtained was
606,000 occurring at 67.5% nickel. MNo apprecisble change
in vermendbility with magnetic anneallng was observed helow
507 .. It ghould be noted thnt st the composition where
the nagnebostrictlion is zere (approxlmntely 217 nickel) a
aubgtantial increase in rerreabllity was observed. Up So

.

this polnt, the bLest resulis oblalned by Rosorih and
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Dillinger have bean dupllceated. One of' the Important re-
gulta of this Investigation is thwi the change In perne-
abllity with magnetic anneallng sctually decreases just
velow 1005 Hi.

In order to Lavestigate the effect of coollng rate on
megnetlec anncalling wo have magnetic annesled a set of
nickel-iron spsclmens at a slower cooling rate (15°C/hr.).
Sur results on the change Iin maximwa poruweabllity uwre shown
In Plate 19. It is seen that the hipghest maximyn peruens-
hiltty 1z obtained et 605 ¥i. This was 1,615,000, the
highest ever renorted for sither polycrystalline or single
crystal materials.® lecause the cooling rate affected the
magne tic characterlstics, the rate of coollng wasz standarde
ized for all magnetlc annealing experiments.

The theor: of magnetic annealling proposed by Dozorth
and Dillinger 1s based on the relief of the atreases of
magnetostriction by plestic flow ot the annealing temper-
ature, Thelr theory is rather vague, A number of dis-
crepancles In it huave elready been discussed by Decker and
Doring (13). It should be emphasized that magnetization
and mechanical forces sre coupled together through magne toe
atriction. Therefore, it is evident why the results of

tengion annesling should he sssocianted with magnetostric-

tion. However, it is not evident why the changes produced

e The previous record was 1 L;30 000 for a sincle crystal
of Lron ostabllshed in 1927 iléz;,.
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by magnetic annealing should be necessarily assoclated wilth
magnetoatriction. The fact thet magnetlc annealling produces
a substantlial increase in mermeabllity when the magneto-
striction 1is zero, seems to contradict the theory. Another
diserenancy 1s that the permeablllity of nickel decreases

af ter magnetic annsaling. The fact that magne tostriction
of nickel 1is nepgative should make no difference on the basis
of the proposed thesory. In fact the decrease 1n perme-~
ability does not begin at the composition where the magneto-
striction changes sign.

It was declided to investigeate the role of magnetostriction
by measuring the anisotropy energy introduced by magnetlc
anne&ling,“ak « The exact experimental procedure has been
described earllier in this revport. The coollng rate used was
35°C/hr. Our results are shown in Plate 20 as a functlon of
composition. The new anisotropy energy density is given in
terms of & new anisotropy coefficlent, E,, tc be described
below.

An expression for "Em based on & fixed homogeneous

lattice displacement, & , s (L)
fox= "3G N& Cos #

where (O is the shear modulus of elastlclty and ¥ 1s the
angle vetween © and the magne tic £ ield used in measwring
the anlsotropy. With isotropic nmagnetostrictlion there will
be a longitudinal extension of magnitude éi and a lateral

contraction of magnitude § A . Since we can neglect volume

magne tostriction, this is equivalent to & homogeneous
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dianlucenont &= =N .

Locordiqe o the theory undor dlscusaslion,

el

£ = —%GTCO;V = —K, Cos ¥

ne

whers 77 18 the new anfzobrony coefflclent Lndroducss by
marnetfoc mmoallng.

e will now commare thre caleulated value of 07 with the

3 . - ny (_‘r&f‘. LY. v G— E

measured valae for the 5% nlclkel alloy. low TS,
¥here o iag Polasontas retln and o A= .35 for nickoel-Iiron
allors {(1). e uay tale A = 17 = 3.{}“6 and 0= 1,00 x

1012 dynesfont (1) anc o

*

bbaln i, (Caled) = 025,04 ergs/cc.
Prom Plate 20 we obtaln ., {(eas.) = 2500 ergae/cc.

sccordlng to Decker and dring (Ui}, st 01 nickel the
magnebtostrlebtion s zereo in 8ll directlons and therefore K,
srhiould be zero. we have found that i, = {00 ergs/ec aut 319
nlekel, which is in contradliction to the theory.

snnther contradictlon o the theory under discusgsion la
the reduction in permesablillty on megnetle amosllny nickel-
tron alloys containing more than 92% niloksl. I the nepg~
ne toatrictlion changed simm st clevated temperatures the
discrepancy could be resclved. However, according to Dopre
ing's data on the magnetostriction of nlckel at different
temperatures (6), this doss not ococur. However, it 1s
“nown thaet the anisotropy constant, i, for nickel (%) does
change s8lgn as the tempersature lncreases. Now 1 y> 0
during the magne tic annerl, [J.OO] 18 the "easy” direction

of marnatlization. The prosence of the asrmetlc flold will



60

result in & torgue tending to rotate misallgned domains
into the fileld direction. If this torque can be frozen
into the lattlce on cooling, somehow, then 1t might tend
to rotete the nagnetic vector out of the desired direction
where ¥j< 0 at room temperature and the "easy" direction
changes from (100} to (111] .

If the torque tending to rotate the magnetlzation into
the fleld direction can be frozen Intc the lattice on cool-
ing, this might account for effects observed on magnetic
annealing whﬁn.3~ is zero. Thus 1t is poasible that a
modiflied form of the plastic flow of domain theory could be
retatned when \ = 0.

¥aya (15) has proposed that the mechanism of magnetic
annealing is associated with superstructure. He sugygests
that the superstructure acts as a paste and holds the do~
maina in position when the magnetlc fleld 1s removed. Iince
pure matals do not form supersitructure, this could not ex-
plain our results wlth nickel. The results of magnetic
annealing iron have been reported by several investigators.
Since their results are conflicting, we have repeated the
experiment on two samples of iron. Our results are shown in
Table 3. The magnetlic ingot lron 1s of commerclal purity
and 41t 1s seen that only a slight increase in permeablility
is obtalned by magne tic annealing. The electrolytic iron ia
a purer prade and a signiflcant increase in permeabllity is
obtained., HMihara (14) has carried out aimilar experiments

on sillicon-iron alloys. lHe has found that the presence of
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oenly minute amounts of impurlities will supnpress the effec-
tiveness of magnetic annealing, Therefore, it 1s possible
that a much greater chanre in permeability would be obtalned

if vurer iron were used in these exmnerimentas.

TABLE TIT
EFTTCT OF MACGNTTIC ANNEALING OF IRON

Maximum
Material Purl ty Permesbllity Final Anneal
Hagrnetle ,
Ingot Iron 99 . 39%Fe 8732 Slowly cooled with-
out magnetic fleld
Hagne tic
Ingot Iron " 9266 S5lowly cooled in
742 oersteds
Electrolytic
iron 99.99%Fe 20,15% 5lowly cooled with-
out magnetic fleld
Flectrolytic
Iron " 27,561 Slowly cooled in

7.2 oersteds

However, 1t is posalble that superstructure micht be a
contributing factor in the mechanism of magnetic annealing

of alloys and this willl be taken up in the next sectlon.



SHCTION VII
SUPERESTRUCTURE

One indirect method of determining the presence of
superstructure is by measuring the reslistivity of an alloy.
This has been done for the alloys used In this investi-
gatlion using a Kelvin bridge. Our results are shown in
Plate 21. %he resistivity of the baked specimens deviates
considerably from the quenched speclmens near ?6% nickel.
This corresponds to ﬁi;F@.

in order to determine whether the presence of a mag-
netic fleld hed any influence on superstructure, a quenched
specimen was baked for l8~hours at L259C in a magnetic
fileld. The maximum permeablllitles obtalned are shown in
Plate 22. The dashed curve in Plate 21 shows the resis-
tivities that wers obtalned., It 18 seen that we have dis-
covered the significant fact that the formatlion of the
superstructure is retarded by the magnetic field. This ia
particularly noticeable at 20% nickel and above.

Other experiments were nerformed in which a baked
specimen was re-haked in a magnetic fileld. It was found
that the resistivity increased substantially except when
close to the 75% nickel composlition where the tendency to

form a superstructure was the strongest.
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Thus 1t iz seen that cone factor in the mechanlsm of
e tle annealing is the Ilnfluence of the megnetic fleld

on the formation of superatructure.
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