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I, INVHULOCTION

The rescarch lacoryoreied In Chig Htueslis wen Telun
e o dnvesbl wvlon of & sebiwd Jor deleraising wmegnetils
prupssitlies of wotals, jpurticudarly the Jurls <olnt Irou bigh
SESguansy inductuncs measurescnis, L6 nethod Led uoed pyome
lsg sJor success willi atrongly lerromesgnoetic metsls, because
of the large eifect that & core of & ferromegnetic materisl
has on the inductence of & solensld exeited by 8 smell mage-
netlizing current of nigh freguency. It was bLelleved that
the sethod would Le sultable for followlng structursl chan;es
in ferromsgnetic alloys &t different temperstures snd in dife
ferent physicsl conditions, For & sultable alloy 1t wes sug~
gested Ly Lre He o L8an, then Chlef bhnglineer of the detal=-
lurglical Livision of the Buresu of iines, thet the nickelw
manganese alloy, Nigkn, wes strongly ferromegnetic when ite
lattice was in en ordered comnditlon and that some iInteresting
informetion sbout the formstion ernd destruction of 1its supere
lattice might be obtained by studying it by thls inductsrce
methods Thils supgestlon wes sdopted, srd three rods of apw-
rroximetely the composition Nizwn (28.78x Ly weight mangrnesge)
were cast end swaged at the Lelt Lake ity station of tho iue
resu of kines, #r. C. T, Anderson was kind enowvph to heve

prepared these speclmens eg vell as seversl other srecimens

£t & later date. The three rods vwere 2l.5u, 20.85 end £4.45%



e

by weignt mengenese, two Lelng on the nighe-nlekel slide snd
one on the hijhemsn anese side of the theoreticel supere
lattice comyuslition,.

the slternatling me . netlic {lelds jonerated Ly the
golerwid sa part of 8 Lridge clreult Lelng led by an electric
ogclllator of hLign Iresyuency were necessarily guiite low, less
than 1 cersted, Therelore, any unususlly high inductence
veluse recorded must cve due to megnetic softness of the core
materiel 1n the solenvid. whien, in the cvourse of the invese
tigetion, aigh velues of inductence were conslistently being
found for tie two alloys on the Lighenickel side of the super-
lettice, 1t wap declded to Lind oubt Just bhow megneticolly soft
tliose slloys were. Gomparison tests mede in the same appara-
tus with alloys Lavwn ©o Lave greet pegnetlc softness, perme
alloy wd hipernlk, geve inductasnce wvelues of the same ordey
of mapnitude 68, those founu {or the ordered nickelemanganese
elloye.

At this point in tie research it wes decided to veer
sowewhst Lrop the origlimel plen end include direct current
ma netie messurements un these &lloys Lecause cof the impors-
tance of the regullts votained 1 they siould prove to he se

igh frequency measurements hed indl-

soft megnebicelly &8 tue o
cated. itormel moguetizetion and Lysteresis cuwrves messured

vy 8 tallistic palvenumeter sre accel ted as atendard measure
ments provided the demegretizing effescts of the induced poles

fn the test plece are jroperly teken into seccount. £ test
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ylece in the fourm of & continuocus ring has & cemsgnetbtizing
factor of zZero, swl is particularly well suited for msasur-
ing mesnetie rroperties at low (leldes, ‘Zocordinsly, ring
sreclinmens of nickel-manganess 5lloy wore rrepared 28 the
Lealt Lake City station, and thege messurerents were carried
out.

It would be well to inclwde in this introduction
gome ides ©f the nature of ordered metsllic lottices iIn
elloys. detallic s0lid szolutlons, which ineclude rmost prhoses
in slloy systems, are composed of homoyeneous mirtures of
thie two kinds of etoms In vinery systems and more thear two
kinds of stoms in the higher then binery elloy asystems, esch
atom occupyling a dellinite lettice site Iin & lattice zystem
chersoteristie of the selid sclution. Pyrilesl lsttice ar-
rangements for metellic phsses sre lece centered cuble,
body centered cublie, close racked Liexa onel, ete. The
sclld solutions considered here ere subectitutional, whoere-
in esch stom occurlies one of tie lattice slien, ap distin-
suished from interstitisl s0l1ld solutions wiere certein
smell kinds of stoms like oxyyoen and carbon cun exliab hew
tween the lattice sites of the pavrent lattice,

Usually there will be found s completely rendom
digtrivution of the two kinda of sntoms in the leottices.
in statistical terms the probebillity of finding one kind
of atom in & glven lattice s=ite ls jJust ss ;vod ss that

for {inding the other.
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in certain elevated tesypersture rean es the two kinds
¢ etoms wiil tend Yo srrenge themselves In en orderly menner,
ot ig, atoms ol nach elament will tend to teke up & regulsy
position relative e fic cthers of 1ts RiInd snd the stoms of
e other ¢lament. if the time et tempercture 1s long enough,
L@ wmore wrderly srrangement will be formed, the degree of
Cru@r el voster for longer tlmes et tempersturs, & fanile
L expaple ol sxn ordered arranement of two kinds of stoms
on & labtice 1E that of salt, Hell, where the s etoms form
L Jace-coobersd suble lattlice ano the Ul stoms snother face-~
contered cuvlic lattlice, esoh s Lsling surrowxied by Cl etoms,
and, conversely, esch {1 belrng surrounded by Na stoms, The
parent lebilee 1o face center cubie in structure and i come~
posed of Ltue teo Intertwined fece-centered lattices, Hs and
Cls L3 It were j;ozsible to mix thorowhly the Ne end (1
sLoms on Lhe letilite cliter, the rosultent structure would be
L orercon cdstribution ol He sngd U1 atoms on the fsce-centered
vusic psrent latiice ~ this repdom dlistribution is customary
in omebtalile 20lid solutlon, unless & "dlsorder~to~-ourder”
rensiorpation das taken 1lnce,.

‘e alley composltions most susceptible to orders
cisorder trangforsetlons erve those in whileh the stomic pere
centegewe ol the twe elloys Deer simple numsriesl relationships
0 one snother. iPor exsmple, in an slloy system A~3, there
wmilght be superisttices {(il.c., en ordered structure) formed

from rendom solid solutions &t or sbout tihe compositiocns



Azll, A, snd Abgzs 41 the compoesition of the so0lid soclution

is exactly st couoe ol theuse composltions the resultlng ordsred

structure can epproach perfections v ith cosmposltions on either
ice 2f these slaple eboulc ratlion sone ol the latilece sites

velonging to one xind of atom will rececsexrily hiswve to bDe

filled by the otuacy,

If the 2lloy phese dues Lhove & tenfency o form sn
ordered structure, oL inorosse ln texperature will increanse
the esse of sltowliec moticn, sud thus eralle tlhe ztoms to zove
intc the positions decanded Ly the cuperlatiice typee Low=
ever, bthis very {recdom of abonic motion wilich nede posoible

Lie orderet€ structure a&lso luceressce the teucency for the
atoms to move vubt of order, lhus reduclyy tie degres of pepr=
feeblon of tie opderuvd structure, I sulficlient tiue ls gl=

loved, there can Yo eclerbllisincd et cny lenperaburs &n eguie

o

Livrian wherelin the rvbe «t wi:ileh stoms ore moving intoe right
rositiong eqguals the rate st which thoss elresdy in righit posi-
tiong sre woving into wrong poslitions.  Uhws, there i en sgud
1iLriw degree of jerfoection of the suyyerielitice widlelh Jocreases
e the temjercture Incrussceg, whoen the Lenjersture vlisce o
tihie polnt wiere tic stunic wotlon iv asuelr Lhet ihe Lenceney
for destructlion ol the superievtlics s sroecior tusn that for
its Ieogswmsticon, the so-called criticel ordering tespersnture 1s
roaciiod, The aprroesh to Chis crliticsl oxderivg tesperchbure
is wiat 1ls tesunicelly celled cebesircopnic, theat is Lthe degres
of order eorosses ol &r evexr accelerstling rate, until, at the

eritlicel termiereture, it ile zero. iliis tyre of venavior is
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charsactoristic of &lloy phmses buvin, "long=-dlotance order®,
wherein large proups of stoms form ordered mueses large enough
to wilirect Ee-rays Ifrom the new laltlce jlanes set up Ly the
ordered structure, end thus giving rise to “superlsttice lines"
in the x-rsy pattern. The gbove-mentloned criticecl temperse
ture is sumetines cxlled "the critical tempersture ol longe
tlstence opder®.

Lhortedlstance ordey or "locel order” results from
the remelning tendency ol the stoms to srrsuge themselves in
&8n orderly menner, even after the Lempersture is too high for
long=-distence order to exist, and only smell ordered clusters
of stoms gen be fcrmed. These Loo disappenr whon the tempere-
ture 1s incressed still further. OGocesionally very little
long=distance order le developed, and conseguently, the cat~
estrophiic effects at tie criticel temporsbure are minimliszed,

The physicel properties of the ordered structure
sre gulite different from those of the random s0lid sciution,
The electrical resistivity 1s usuaslly qguite lowsr, the ordered
structure may be magnetic and the disordered non-mapynetle, dif-
ferent thermasl enl's, are developed, the hest cepscity during
destruc tion ol tie superlsttice is snomslous, etc,., Lindeed,
it ie by cbserving these diilerent jroperties that we study

superiettices. The only direct svidence thst we huve of

[ail

crtercd styructures 18 ciserved wien we cunr debtect tihe

o]
4]

L.eg
extre surerlsitice lines in tie xe-ray pattern, Lecsuse {rom

these Lhe sctusl type of ordered structure may o derlved,



1T, LATEHATURE

Lo  The Orcer~lisorder Tronsfceprmation in Nizlin.

the iirst investizetors to cbserve the vrder-disorder
transiomation in Higkn were &, Kays and A, Kussmenn in 1831
(1), 7“hey fount the slloys sround thls compoglition tc be precs~
ticelly nonferromagnetic, when quenched from 009 ¢, After
cooling the alloys, {rom 900° ¢ at &0° ¢ per hour or after sn-
neeling for three days st 4309 , they found the alloys to Le
strongly ferromagnetic, the condltion after the threse day anw
nesl Leling more ferromeznetic than thst after slow cooling
(Fiie 1&); The electricsl resistivities of the slloys sround
Mizhn snnealed two days st 4509 ¢ were found to Le lowsr than
tuose of the alloys quenched from 900° ¢ (rig. 1b)e On re=
hesting alloys thst Lsd previously been ﬁﬂnsaléé they found
theat the saturation megnetization vecame zero et about 4600 C
(Fige le), eud thet the resistivity changed slope, leveling
off, at about the same tempsrature {flg. 1d). Kaya end
Fusemenn ¢alled this temperature the Curle tempersture, They
made no distlinotion between & Curie tewpereture sud & critie
eal ordering temperaturs, althougsh they offered saturation
magretization dete on these slloys sfter prolonged annesling
end guenching {rom tempersature, which showed the sharp fell

in the yroperty et sbout 5009 C,
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inle petter Of two eriticel temperatures which Kays
end Xussmsrn's detz Indlceted was clesrly urousht out Ly
o Thompson in 1940, (&) ‘thompson repested Kaya and Eussmenn's
magnetizetion and peslstivity work, and ivterpreted the fulle
ing off of these ;ropertics st 460° ¢ e evidence of the mug~
netle Curle temrersture {.1iz. 28), end the persistence of
megnetizetion in the slloyes quonched after annesliny ur Lo
about £10° ¢ sz cvidence that the critical orderin: tempora=
ture 1z at atout S10° ¢ (.ig. 2b)., Thompson slso presented
erecliiic heot Jata ua lizdn when in an ordered condition while
it was belng zlowly cected to 600° C, The specific heat vs,
temperature curves oshowed Lwo snomsllies in the form of mexima,
one tekir; vleoce ot 4g0° Ly presumebly evidence of the magnetic
Curie temperature, and toe other at about B40° ¢, tuken as evie
uence of the eriticul ordering tempersture, It 1s .onerslly
eccerted thnt specliliec hest snomelies occur both et critical
ordering tew; nratures and msguetic (urie tempersature, slthough
ususlly they are much more pronounced snd sherper then those
Thompson found for uigan, ke megnetic transformetion tSenmpers-
tures snd crlitical rdering temperatures which Thompeon found
or sderted from Keya smd hussmsmn's dete ere  iven in Figure EZc.

Yupther light wes Ltorown on the transformetions of
Rig¥n in 8 recent publicetion by &, Keys snd H. Nakeyema, (3)
They also Tound laal Wie leveling off of the resistivity ve.
termperaeture colincided with the magnetiec (urie temperature as
messured by tie repid drop to zero of the saturation meagnetiza-

tion ve, tesperature curve and thet the leveled~oflfl resistivity
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curve rensined constant for & snell tenmpersture interval after
the lniticl bend gt the vurle lenpersture, wnd Lugn stopted
incrersing sowewhat livesrly bLut with less slope then it showed
wille 1t was stlll ferromagnctic. They brought out the idea
that the Lish tempersture coefficlent ol reslstivity shewn by
the slloy wiille otill ferrome;netic is 2 compon charscteristiec
of ferromagnetics, thet the high resistivity coeificlent Le~
comes gerd Just alter the me netle Curle tenmpersture, and that
the ordering of the alloy bas 1little efiect ovn the resistivity,
perticulerly in the watter of the inltlel vend. iHessoning from
KEeye end Hekeyaoa's snslysis lesds one to velleve thet 1P the
ordered alloy «id not underygo & mesgnetic tranaformation, the
tempereture coelficlent of resistence would Le low sll the way
cown Lo room temypevature, The eventusl plcklngeup of the re-
slativity after svout S00% U inclicmtes tamt &ll of the effect
ol order must keve dlsapypeered, suu the reslsbivity ve. teme
rersture curve is unow followlng & course chsracteristic of the
dlsordered slloy. Thelr messurement of specific heat during
Lhesting &t s rute of €9 C per minute showed & pronounced max-
Jmue st the Curle temperebture (ss simultsneously indicsted by
other properties), and & svmewhst pradusl decreesse up to ebout
640° C, wileh way Le teken 68 meaning thet eneryy was belng
supplied to Lresek down the superlsttice, but dolng it rethex
greduslly, thus sbowing no pronounced eritical points {rigz. 3a),
In their sbstrsct, Keys end Hekeysme wrote, "vVerietions with
temperature o not {ollow Lhe courses suown Ly the Cughu elloys

and Nlgre slloye, the msln dliference being thet in the ceses
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Figure 3. Data Taken from raya =and lakavama's lra;er (3).

f 'I~“f—“' 1 ‘—’ >
\
Lo - | —oo
! C
;' T [ 0.30
H - 80
Tl 2
J 510
. 40.25
Togop- ~ 170 =
S 0 "
= <
e E-
¢ U B ~4
& Ko ' € S
g KOO "‘1\* S5 {20460 e
P -~ vl =
= \ QL [
T GO0 —it 4 (%) , =
g OV 1 50
? H ' 0.15 -E
£ N . =
> 400 - <10 §
3 - V/ i"-“' &
‘ " ‘ ‘ ' o«
'—’.”“’ -4 I - i . o . 3;‘,1;
| ? P oo
- - -7 I —————g — B e e g - 4 T ‘
f l i | ‘i ‘ | ENTNIN
1 ! N
[ R TR T @b T \.';)lil;b 4 Gho T 0 o
Temperatur in °C
(a). "Resistance, saturation masrnetization, and
specific heat of MNi lin. , eauilibrium curvej
, heating curve 22°C /min.); , cooling curve
(2°C/min. .
700 pommi
s .
/r/ M F-0s
600 v 140 7
300 == 130 =) _———‘T~“?nﬁl\¥
/ :,on o
- b " 3 x
£ 300 ~ £ ! 14 ] i
S “ks Toc § _?4\4 % [ S JERU A
%M %“~ " m.«é ey
-4 Toc o 3 \3 :
£ 100 — 190 4 . i
o \\\7 3 £ oz I S UL G
- \\ 8.0 ~ 41»
-100 7.0 -0.0 IS R SR ,
\ LOU <L Mo
-M A _‘; [\ Teﬂqualur o G
0 5 10 5 2 25 35
Mangargehalt in  Sewicht % (¢). "Trermceleciriciiy of Vi~"m
cuenched from -ifferent temperat-

(b}, "erendence of the uprer limit ~f vicinal
order on the composition. T,, upper limit of ures against tre alloy cuenched
vicinal order; Tp s> ferromagnetic Curie from 750°C between 0 and 100°¢C
points; T, parama-netic Curie Foint; P, , reating; , coeling."

Vielss magﬁgton number."



i3

now considered, & relatively larpe temperature band {800 - 3009)
exists witiiin wiich no criticel points sppesr Lo oceur,” 1If by
tirle Esye end liskeyewms mesnt s ¢riticel point in respect to
the opdering phenomena, snc not megnetic phencumens, and by
eritical polint, a temperature st wbich a catastrophic change
(i.0., vate ol change scceleretin, repidly es the point is ep~
prosched) takes place, then thelr dete would seem toc e in
gecord with this conelusion.

Kays and Nekayems heve called the type of order found

in Higin "Hachbarschefteordmung”, meaning vicinal or neighbore

hood order. It can exist up to around 600° (, &= mey bLe seen
in Fipure 3b. They do not call the "upper limit of wvicinsl
order” & critical ordering temperature as did Thompson, (2)
because the ordered alloy does not exhibit normsl behsvior
when golng through the order to disorder transformstion,
it awy be seen in Figure S that toe magnetlc Curle pointe
on the nickel=rich side of Higin are lower then those Raye
and Eussmann found (Flgs. 2¢)e

Host of the Investlystors of the ordered alloy Elgiin
have uged saturetion megnetiration in thelyr researches, L. Vale
entiner and G. Secker (4) bave messured the nomel magnetiza-
ticn and hystercsls curves of Higin and othier mengenese~nickel
elloys in ordered and disordered comiitions, They found the
ordered elloys at end arcund Higin to be fairly wmagnetlcally
Lard, end showliny no unusuel me;netic softness st sll for any
of the elloys investi;ated., The guenched, and therefore dis-
ordered, alloys were found to be ferromsgnetic. Using the

Intenslty of megrstization, 4, st 340 cersteds, they found
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Lhe masnebie curdie tempersbure oi the £0s ¥n elloy in an
ordered stute to e plout &4L0V L,

reye sod Hussmenn (1) used permesbility at low flelds
va. tempersiure curves in order te¢ cvetermine ithe Lurliec taumyora~
tures of the high nlckel elloys (grester then 804 i) which

heve Curle tempersatures higber than room tempersture in tus

sa-guenched condition, Initisl permesbllilby has bLeen used o
measures (urle temperstures of lerromegnetics vecruse of the
sharp rise to & meximum Just vefore the Curie temperaturc ().
However, XKayea and Kusamann dld not use this methiod for the
ordered elloys around HNiglin,.

A=ray sttespts to find tue superlattice in Higin
Leve been unsuccessful (2}, This hes been veriously attribe
uted to the fsct toet the x-rey scsattering power of mengasnese
and nickel atoms sre elmost the same, snd tov the leck of sule
flcient long-distence order ln the ordered slloy. Specilsl
x=ray technliques heve Leen devised by Investigstors of other
syastems wherelin the scattering power of the constituent atoms
of the suspected superlsttice heave Leen nesrly the same, and
the superlattice waes successiully found. The superlsttice
vuin 1s & noteble example. These techniqgues have boen ro-
rectedly tried in the case of higun without success, The
pecullier nsture of tiie superlettlice ln Nizkn es 1s shown Ly
the emall effects of the superlsttice itself, i,e., abseuce
of propounced enomslios at the critical temperaturs, eto.,
would seam to indicate thet the r'silure of x-raye to isolate

the superlettice was due more to the intrinsic nature of the
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surericttice rothor than to the closeness of the scatitering
rower of the constituent wstous,

The only tnemscelectric evidence ol tue ordering
in Higkn is found in Xeye and Hekeyaua's paper. (O} Ghey
put the alloy into sn ordered conditisvn ot warlous temiore-
tures, quenched, snd messured the tnoroelectric force axe
erted by & couple of the ordered slloy and & speclinen of
Gisordered alloy between O¥ ({ and 1009 ¢, when ordering
hed not teken plece, the thermoelectric {orce gencrsted
was gzeroj when 1t had, an emfs of up 0 0.7 mve. wes gener~-
ated, depending on how well ordering wd teken place., They
found measursble emf's, sterting et aboub 600° ¢, the enl's.
rising sherply Letween 600° ¢ snd BO0° U, and leveliny off
below 500° ¢ (Fig. 2¢)s ‘1he data showed considerabvle scat-
ter, and no particulsr ¢riticel polnts could be detected
below 600° C., This indiceted thet they found no thermo=
electric effect &t the megnetic Lurie teujperature. Talt (6)
has found discontinuities in the curve of tuermoelectric power
ve, tempersture et the mugnetlc Curie temperature ior noraslly
ferromagnetiec materials,

In gsummery of the publishied dete cu ordering trane-=
formetion in Higin the following polinte are civen:

1, Hangenese-nickel slloys in the vieclinlty of iigun
(25.785% Mn) undergo an order-disorder trensformation when

heated between 3509 { and BOO® (4
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£. The ordered slloy 1ls ferromsgnetic, and the

Giscrdered slloy 18 rersragunetic,

S The Uurle tempersture ol the lerromsgnetism of
ordered ¥l,kn is about 4509 ¢, and is lower for ordered al-
loys on the nickelerich slde of Higlin.

4. 7The order-dlgorder transformation is not of the
usual type whereln the degrse of order cecresses catastro-
vhilcally at the critical tempersture, Lut the degree of order
geems to decresse in & gradusl menner as the Yeritical tem~
peraturs” of sbout H00° ¢ 1s approsched, showing no anomalies

in toe trensition from order to disorder.

Le Hieh freqguency Incductance Messurements for ss;uetlc

Fropverties.

Inductonce messurements on colls with test cores in-
zilde ol them hsve frecusntly been used for messuring pegnetle
rropertices of the materisl of the test ecore. L. ¢, HcKeehan
{(7) writes:

"{re inductance of & coil of wire depends upon

the magnetic guontity of everything within its peg-
netic fleld, &n inductance Lridye is therefore an
extresely senaltive vetector for changes in the mayg-
netic enviromment of one of & peir of coils for
which the brid,e has teen balenced,"
lecording to KeKeehsn, hughes (8) first spplied thile method,
modern aspplicetlions being descrived by A. Cexmpbell and
e wielinheus., These Investlystors have used low frequenclies,
end nave ettempted tc ellminste or evaluste the relatively
amell eddy current efiects vbtalned., V. he Gottschalk hes

usad the inductence o & solenpic with test core inserted atb
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frequencies of sbout 40,000 cycles for lnvestigsetlng the [roe
dusction of ferrome netism in the ternary elloys of iron, mane
cenese, and chromium ().

Ve e Legg (10) hse published methocs for measuring
manetic rropertics of leminsted sunular cores of clrceular end
souare crossesectlon using slternating current. Lepy jives
methemsetlcal mothods and experimental procedures for the de=
termination of the fundementsl quﬁlitiesz Fermeatillity, ef-
fective resistance, induction, and magnetic {lield., Unavoldw
able effects of eddy currents and hysteresis are evalusted,
in kis experimential procedures lLegy atteanits to minismilze eddy
currents Ly leminsting the core,

weversl investigstors heve, however, used the eddy
current effect in thelir methods. For example, <. d. Sryant
andi Jdeo wae weleh (11) heve used tebles of the incresse in ef-
{fective reslistance due to eddy current shlelding Iin wires
heving hich {reguency currents psssed through them, Thelr
specimen wea Iin wire {form; and consisted of & few turns of
wire sround & thLin ssbestoe form. oryant snd selch have
uweed the gewﬁéllad,“gkiﬂ eifect” in & lerromesgnetic condug=
tor as a caslis of thelir eypplicetion of eddy current shlield-
ing to mesnetic messurementsy many other investigstors have
vone the sume, notebly Ven lLenchner, (1&) G, Fotepenko and
it sanger, (1l3) . vecker, (14) end K, Ereielsheimsr (185) to

wentlon four of the meny repors.
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Meny other investi_ators heve used the skin effcct
or eady current shilelding indueced in e coll transversed Ly
very high frequency. VUsually the ¢oill is &n oscillstory
coil of a high freguency trensmitter. The change of Induc-
tance changes the irequency of oscilletlion, which mey Le
evalusted by heterocdyning the sltered hign frequsncy wave
with sncther high frequency weve of the orlginel frequency,
i resonance method 18 also used to obtain bthe chan.e in Tre=-
gquency. irom thils chenge in irequency the chenge Iin inductance
of the coil is celculsted, and from & suitable mathemstical
snelyels the permesbility of the core material may be celous
lated. 2 good exenple of the use of this methwd is iven by
Ue HRe Welt (16).

4 method for determining eleetricsl resistivity oy
eddy current shielding wass proposed by W, 3, Eouwenhoven (17).
Eouwenhoven used moderstely hisbh Ireguencles correspondlng to
& depth of penetration of the mespnetie {lux of & solenoid ine
te & test core of 0,117 cm,. or less, lils method used the dise
tribution of flux in the surfsce layer occupled by the {lux
and in the surroumding elr space to caleulete the Inductance
of the solenoid. The equation derived contsined resistivity
and perweabllity In addltion t¢ ianductance and Ifrequency.
Fouwenhoven applied his eguations to nonemsgnetic meterlisals,
where the permeabllity wes l. &ince Zouwenhoven's analyals wes
used in interpreting sonme of the data to be presented, end will
be given extensively later, no further discussion of it will be

nede.
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Ao Hiph Freguency rsesurcuernts.

The inductevee snu elffectlve repistonce of 2 wolenoid
vhen e rod of the mepcetlis rabtsricl la inserted wep Used 4o 1ln=-
dicote masmetle rropertloe,  In order to undoersicund wiel tuese
guantitise mean In terms of the custousdyy mugneilc yuautities
sl concepts, & shord revisw of the analysls slven by We Be
Kouwenhoven {(17) will be prescnted, /.8 & busis ae used the
bBessel functlon soluticn of the diliffervntisl equations gove
erning the ailstribubion of nognotic flux @ 4n & round ber.
This solution 18 rather complicated end was considerably
almplified by consldering the fiux to be uniformly distribe
uted in & nsrrovw ring on tie ocutside of the bar, This re-w
quirement 1z sprroasched when high requency fields sre used
due to the well-known skin effect., The spproximete equation
waee

b - zevd - senrd B

where the factor QﬁWﬂ% iz the area ol the ring of flux,

Bg is the flux density st the surface, d  is Haxwell's equiv-
clent penetration of flux end is bessed on the srtifice of cone
sidering the flux ss uniformly distributed over J , 4 is V =1.
The mesning of the equation is that the flux is composed of &
real snd an imsginery pert, the real being in phese with the
exciting current, a&nd the imeginery lsgsing vy & phsese angle

Qf%n
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The equivalent renetraticn of the flux Into the core

is . iven by Haxwell's iormuls

\ P 5

1)

where 'f is in abohms per Cu. CHm.

i1

5 yz
50335 ;??) where f is iu ohms per Cu. G,

Celculeations fropm Kouwenboven's frequency vé. resistivity re-
quirarents Iindicete that é 2 0,177 ¢m, f{or arn apprroximecte
zolution to the sessel solution to be correct to 20.1s,

vuen the solencid ses no metsllic core tie lncdductance
ig glven Ly

L, = (§%§> N = 'dﬁ& nenrys
:<Bs?m hJX|68

henrys

where g is the flux density in alr, 4g = earea of cross-zection

of the solenoild, With a round core inside the {lux will be
siven vy @K,*'@?c s Whore @)r is the lux In the cors end

@) outslide ¢f tbe core. The inductence wlill now e siven by
C
-8
L - (é&;i.ﬁh) N x 10 henrys
™ I
-8
= (@,r N N) *10 henrys
1 1
| _ S = S _
but (@Y—~(2ﬁ*72)f\55 MrombBe o d = (Ra-Rp) By

where J%[) crosg=-sectionsel area ol (le pod

' 8
then LW\: lﬂYS//\XBSN *(ﬂa”ﬂf)BsNxx\o henrys
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N -8

Enowing thet L = B 2@~\ X 10
i1t rollows thst [ L N PR 6

Lo Ra Ao
s gl 2 . w 2 = Ty A
snd since Y eres of Lar, L,

L  wdRe |, AL-Ry
gubstltuting Lo Ho.

= vy R
- 5033 | &
o ° M+

Lo | 5033 Ry /?ZS A Ao H
I

. - v R, Ho.
Ay L
or L= 2033 P e JPu L R Ry
~ y B 4+ R

= SomyWr VYa [Pu 4 |,
Ao f

The above eguation relates the resistivity and permestility
of the rod to tihe measured inductsnce of the sovlenolu with rod
inserted et freguency f and the physicel constunts ol the sole~
rold end rods The eguvation g8 plven in Rouwenhoven's japer was
grroneous in that the permeablillity wae lven 1ln the dencnlinstor
of the frection under the sguere root sign instesd of in the
numseretor., This mistske resulted from Kouwenhoven's not multie-
plying tihe surfsce flux density (reslly tie eir core flux dene
sity) &y/p\ o +<ince Kouwenhboven was interested in detsrmining
resistivity of nonemagneotic meterials by this eddy current
sinlelding metlhiod, wherse M is elways unity, this error <id not
affect his resulta,

The solencid whieh was used in measuring the msg noetic

properties sz & function of tempersture was necessarily
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relatively short, Hence, these eguations cannot Le spplied
with scoursey, and in order to caleulste permeablilities, a
calibretion of the sclenvid sgeinst non-megnetic materilsle
whose reslistlivity 1ls known cen bve made, & procedure which
could Le followed in this case would Ue to convert the sbove
eguation to tiie fom

2
= (Lm —\1 !
4 <1rra7

where L _ = EEL%;EiL\“R

The constent K conteins &1l guantities in the equetion wkich
sre held constant including the freqguency., 4 difliculty sp-
jeers in the use ol this equatlon beceuse Iy end Ly are of the
same order of megnlitude for non-ma netic meterisls and conse-
guently the induectence msasurement must Ve made to an sddle
tional degree of precision over thet used for ferromsgnetic
materisl where Ilm - Lg 1ls comparatively large. iLince the ine
ductance of small air core solencvids is of the order of a few
bundcred microhern:y:, the msthod of wmessuring inductence must
be capable of an sccursey of 0.1 microhenry if 14 precision
is to te vesllized In the calllbration, Thile desuree of precl-
sion wes not savallable with the inductance messuring sgulpe
ment used, 4 celibretion to within ebtout 5-10i relastive
gocouracy can ve made neverthelesg, or the theoreticel con-
etent may te ¢aleculated snd used. It must be steated, how=
ever, that when the permesbility of & magnetic material is

calculsted using this equsilion, the d.c. resistivity must
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heve heen previously determined. Hven il & callibration of a
low order of sbzolute precision was used, there may ve cualcu-

lnted relotive values of sprroximate psrmeabllity whosoe rola-

ey

Live precision is compsretively (Ood.

it mizht be steted thetl louwenhoven's eguation nwolde
enly for nonemegznetic materiuls, because only the eddy current
effect of high frequency flelds was considered. #. Secker (18)
hes coneluded thet the vehavior of ferromagnetic Lodies in high
freguency slternsting fields is completely determined Ly the
eddy current effect.,. It is true that the frequencles becker
haed reference to were no doubl higher than those used in the
present investijation, but it is Lelleved tihat tie eddy cur-
rent effect 1s the prinecipsl fuctor effecting the induetence
woessuronent, Apparenily hysteresis and other mes:netlc eflfects
are of secondary lmportsnece in reference to inductence; this
certeinly da not the casge wilh other masgonetic quantitise like
eifective resistance.

The other hLish frequency qusentity neesured in this
wOrk was the eliective resistence ol the solencid, Lysteresis
and eddy current effeects In the core of the solencld, which
make wp the principsl me rnetic losses, very markedly influ-
ence Lhe elfcective resistance of the solenvid, The incresse
in effective resistance of the zolenvid when & sy uetic core
wes lnrerted cver tuet of an elr core nay be token e8 8 nese
surs ol e pganitude of the we notle losses in the cora. O
sbtienpt wes wede Lo sepsrate hysteresis ande eddy current losses
the sum ol whieh lg contained in the ineresse of effsctive ree-

slstance,



Le Masnetlizatlion and Hysteresis lessursments,.

Twe inportanl messurenents of the mugneiic properties
of matericls cre the determinstion of the normel megnetization
curve angd of the hysterealis loop. The theory and signlfilcance
of tucse curvee are well known and will be summarized only
welcellye Yipure 4s rhows the tyrlesl form of & normsl magnete
Izetlion curve and hysteresis loop, and a typlicsl permeabllily
ve, zesnatic fovrce curve for ferromssnetic meterisls. The
guentitics uoually deterrined are shown on the diszrsam,

smagnotic fleld fs veunlly expressed in oversteds, eand
meghetic locduction In pausnses, Loth cuentities hevin: the units
mexwells per square centlmeter. ideferring to Figure 4b, Hpgx,
is the velue of the maximum {leld atielned, bmgw, '~ the induce
tion correaronding to the moximum fleld, Ly i the megnetie
remanence left alfter the mecnetic field hypy, 18 removed, end
Heg, the coercive Iorce, is the negative lleld required to re-
duce the residusl magnetism bto zero. ieferring to Ilgure 4D,

is the prermeability of the meterisl end is deflned ss the
retio of normel inductlion to fisld, A = g, Mo ie the Inl-
tisl permenbllity, which ls the limiting slope of the Ueil
curve as il approached zexre ileld, M max. is the mexlmum
valus of tﬁﬁ*% ratio,.

for maasnetlc softness it 1s desirable (o have high
Inductions at low {lelds, or, whet 18 tize same tilng, bLiigh
permeabilities st low {lelds, and to hsve low valuszs of the
coercive forces. The eres enclosed by toe hysteresis loop la

& measure of the energy which hes been dilssipated in the fornm
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of keat when the me netizetion hes been cmrried through one

complete cycle, end 1s given by the equetion
Q=;T\_1T§H&B

where . is cnecsgy iloes 1o ores poer cuble cevitiacter of tlo see
tavriaie. it is8 ceslrsiie Lo beove low hystoresls losses In o0l
megnetic nateriale,

~Gunetlicnlly Lirpd milerinls sie tialtctorisoee Ly Liigh
coerclive ferces. e menisan velue ol o product of o anu E
on the dessgnetlestion cwve Lelween Up end iy i1s often lLeken
£s o measure ol pagnebtlic hurdness,

in meesurln, the pormal megnetlzation curve and
bysteresis loop by wmvens ol & beallistlec gesivanometer, wse is
nede of tize £bility of thig instrument to deflect throvugh an~
gles proportionsl to the quentity ol electricity discharged
througt ites oclil, he lnstrament s usuelily used In bthe crite-
icelly weupew (slectricel) conditlion, or in & sliphtly under-
damped condition. With the realisteance in the gslvanometer
cireuit of such & mepnitude se Lo produce the desired denpling,
g calibrstion of the galvanometer is nmade Ly dliseharging known
guentitlice of electricity through the gslvanometer coll and nese-

suring the deflection.

Lo wlectricel nealstivity xessurements.

The slectricel resistivity of & rod of wmaterisl of

unlform cross~sectlion may be calculsted from the equuation

_RA
J= 5
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wi:iere SD is the resistivity of the moteriel In olms per cublce
centimeter, I is the resistance In ohms of the rod between two
yolnts on it, £ 1s the crosse-gsectionsl eres of the rod Iin sgueare
centimeters, enc | is the length in centimeters tetween the two
pointe on the rod. Leslesbivity Jg s specilie property oI & mee
terial, snd is & charscterlstie of the materiel in eny siuyc.
Rethods of determining reslstlivity by use of the above
formule vary in the way the resistence between thc two polnts
elong the rod 1s messured. The reslstence is ususlly guite low,
in the order of a feow thoueendths of en oim, end methode of ree-
curately messuring very low resistances must be used, Two sult-
eile methods of wmessuring low resistances are tne lelvin bridge
end the [otentliometer wethod, 7The potentiometer method, which
wes used in thils work, consisted of passing & current throuwgh
the speciren snd through 2 standerd resistence, wnd msssuring
the voltege drop ecrose eunch with the poitentlemcier. The spec~
men hes otbached to i, or is resting on, two potenticl leads
& known cistance eyert, The potential drop soross the siendard
reslstence, rmessured Ly the potentiometer, rskes unown the cupr-
rent flowins through the specimen, I = E;m The resistence of
thie srecimen Letweoen the jpotentisl leads mey ve computed {rom
thie veltsge drop scross thew, w2 measured by the potentiocmeter,
& = %u Verletions in thie nethod mey be mede by substituting
& cslibrated summeter for the standard resistence~potentiometer
combinstion in order to meassure the current end by substitute
ing & ¢eslibreted millivoltmeter for the potentiometer in order

to measure the voltage drop across the specimen,
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De Thermoelectric Force essurements.

The theory ol thermoelectric forces and thelr messure-
mont are well known &nd will not e gone into here. it is per-
tinent to ssy thet the thermoelectric force ls a structure
sensitive property, which will probsbly chanyge if one of the
component metals of the couple undergoes a structure transfopre
mation, & Curie transformmation (ferromagnetic to paramagnetic

conditlon), or sn order-disorder trensformation.
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£, High ¥Fregueney weesurcment of inductsnce and Lffective

ﬂesishaﬁca,

The Owen's bLridge veys uted for these messurements.,
It measures induccance in ferms of resgistence and capsclty.
The dleagrsm shown below illustrotos the componente of the

bridge.

—_— ., o———
Osc,

The belance equations ere

L= CpRLA = A5)

Cyldg + B) = Cgit

In order to get velues of A - Ay with at least three

significent figurses for tue laductsinee renge of 100 - 1000
ricrohenryse, whlech was that founu for ths solencid with rage-
netlc rods inserted, 1t was necessary to uvie & (g of at most
0.001 microfarads, in order to cobtaln the sensgitlivity found with

ooy

a belanced bridge, en R of 1000 ohms wes necessery. Using a
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etanderd condenser for (g end & standard reslistance for #, and

determining Ap by shorting the inductance to Le messured, no
calibretion would apperently Le needed., The 0,001 microfared
condenser used was of good guallty, made of mica, but wes not
& culibrated stendard, A4 callbration scheme weas therefore noc-
essary. Yor thils s standerd varisile inductence was used.

ihe squation for ilnductsnce tlierefore bLecame L 2 K(A - Ag).
severel values of inductznce on the varisble induetor were
uged, A-values Lelng teken for eschs Uslng an Ap found by
siicpting the Iinductor did not glve constant K's, Concordant
velues of B snd i were calculated by solving the equations

K — Ll = __l"__a,_..__ = M‘;—__l_ - . . .
Rt——ﬂo Azfﬂo R.-A_ ’

In 1llustretion of tinis the following teble and calculstions

sre shown

L - appl, i A
microlienyys " eyl
&00 045,82 {(lest significent
400 451.8 figure estimated
SG0 LY I
&S00 = 400 = 200

545.2 - hg 451.8 = Ao EG7 .5 - tg

(ho)y = 7842 Ky ® 1.069 Ay T 76 + 1 olumse
(fo)g B 7640 Kg 3 1,066 K = 1,067 * 0,001
ligls = T4,y Ky = 14067

TEed BV, 1.067 ave.
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Thus, in estimsting the erroy in e lven caleulation of induce
tance we may teke & typlcal value of & g GO0 oims, ine frage

tionel erroy in inductence would then ve

L \ 2 0.00 2 —8
AL ( 00t = 0.0025 or 0.25Y
’\J/i500a1;> N "061)

L

The maxlmuw error will ccour et the smsll velues of & - Ag,
& tyrpicel low velue of 4 suci &8 would be lound for & metal
aifter 1t hes pessed throush its Curle polint is about 220 olms.
The {rectional error in inductence will be egual to the {rec=-

tionel error In & - 4, in this cese, or

! 2 of
S U — ) 0N /e
\/—(220_7() = O0.co0\ ov A

This ig a smell enough error to Le neglipivle 1n the process

inductance vae, teuw

of rinding vurie tempersiures Ly plotting
perature, In the csleulation of permesbllity the frectiopal
error in inductance, slthough tils ters le squared, hes less
effeot on the irvectional erroy iy permosbllity than the uncer-
teinty in the cslloratlion constants ss mey ve geen Iyom the

fullowing celewlations
2
{

—_ LM" Lc- ———
> 2
AaM | |2 A (\"“;;\\:‘) v Pv A X S)} 2ﬁ2 x cs.ooﬂl+(o.05)l

v
= 0.052 ovr 5%

The second ol the belance egustions lor the lwens

Uridge enables the calculstion of the effective resistance
of the solenoild to be mede. solving tie eguation through

for sg » . = YER . 4t will te seen that tho sum of the effective
“1
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resistance ang the reading of the o resistance decades will
e conetent, When the lnductance is shunted 1t ney safely
be szsumed that the effeative resistance is zero, hence the
reading of B in thet cese will Le the vslue of the constant.
pxperimentally, & vacuum therrnocourle is 1in thet branch of
the bhridge, but since its resistence xey be consildered cone-
stant the sum of hyg + U will s¢t1l]l romeic constant, hen R
1s 1000 ohms and {3 snd Cg are 0.001 AAL condensers, fy, + U
will e sbout 1000 ohms. The meximum error in the sssumption
that the effective reaietsnce of the shunt 1s zero is sbout
1l ohm. lience the relative error in effective resisterce is
genout Oeliue

since inductances of from 100 to 1000 microhenrys
sre relstively small, the freguency of epplied oscillation
must be kigh enouzh to meke the inductive inmpedance of the
solenclid en sprrecleble {sctor iu the sum total of the ime
redances 1ln the Lrlidge. Thus, at 50,000 cycles sn inductance
of 1000 mlcrohenrys has sbout 300 obms inductive resctsnce,
inother conslderstion in the frequency to Le used comes {rom
the miniwmum penetration of magnetic flux into the core, upon
which the spproximate solution to the Zessgel function,menw
tioned in the theoretical section, is based. %his minimum
yenetratlion was 0,177 cm, Thus, with & reslistivity of sbout
50 mlcro=-ohms per cublc cme. and a permeability oi about 1000
tite recuired minimum Ifregquency according to Ssaxwell's equation

2, 2. _ b
would ve ¢ = (%233) S . (5033) x Soxio = 40 cycles.,
§ '

o-n" \eoo
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with the same resistivity bubt & permeabllity of 1 tie regulisite
frequency would be 40,000 cycles. Thug, we geo that (o take
&¢ll poseivle conditions intc considerstion e reguency of at
leasst 40,000 to 60,000 e¢yvcles is needed., These (yeguencles
were used throughout,

The bridge which wes used was slhijelded from stray
redistion scoopding to e scheme proposed vy Jd. Ue Ferguson (B).
This solhieme together with & lletling of the sctusl eguipment
used in the bridse, oscillstor, and detector is shown in
Figure 9.

In order to determine the sctusl ileld insice of tihe
solenoid & vacuwum thermocouple wss inserted ivntoe the branch
of the brlidge contalning the sclenoid, This thermocouple was
calibrated sypinegt deso. current. oSince such a device operates
on the heating of & very tiin resistsnce wire to which 1is
welded & minute thermocouple Juncilon, any . iven thermoelec~
tric emf. geneorsted by the couple corresporveg Lo & gliven ueat~
Ing current. 0 salternating current the hesting current is
properticonel 1o the root mesr asguare currents, unence, toe d.c.
celibrating current 1s eguivalent ¢0 & root weun agusre nlgh
Freguency current, and 34 a slnusoldel high iregueicy current
le essumed toe paximum megsnetizing cwrrent passed tirough the
solenoid mey be calculasted by multiplylng the root mesn square
gurrent %y\fg’. The maximun {leld genersted Ly the solenocld

may be caloulated from the eguation L o= ﬁ“ﬁimﬁz'{aoa(bl - cos®ple
fhis sqguation eunables one to caleulsbte the lcld st any polint

inside or outslde of the solenoid along its exls, &’1 and G)Q
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ere the angles mede by the point in guestion with the two
end peripheriecs of the sclenoid, Y,g., 38 the maximum value
of the meznetizing current 1n‘abﬁm§$rmm~(am@@raﬁ/lﬁ}, and

n iz the pumber of turne of winding yer ore. of length of
selerncid, The sctusl distribution of flux Iin the solenold
sg calewlated by thils formmla snd the veristlon of 1t with
current ars shown in Fligure lE,

The pormeabilitlices of zoft pagnetic neteriele rise
sheprprly with pegnotie fleld et low [lelde, ond sccording to
the ecuations developed in the thevveticsl sectioun on high
requency messurencentsz, thles shovld bve followed Ly the ine
cuctenes, and probebly the effective resistsnce, of the BoO~
loncid, IDzesuse of this It was stbeppted to keeop the meaxie
pwr value of the sltevrneting fleld consternt 2t shout 0,76
oersteds, wilch corresronded tuv & Heu,o, current tursush the
selencld of 12 willllemperes,

in determzining the Curle point from pormenbility
{or dnductence, 1o thlies case) ve., besperature mesaurements,
the guestion of chicosing the exmcl point on the curve is
cren te & certuin oxtent - as, Loy exanyle, whethesr to take
O. sa the temyerature corresponding (o the pgrestest negse-
tive sloype of the M ve. T curve oy to tuiie it uz the tempora-
ture corregpondlng to couplete dissppesrance of ferromagnetism,
Tiie lormer slternstlve iz wore commonly used at proesent, uvut

in this peper the latier, oldor mebthod will Ue followed,.
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e wepneblc Nesgurements with selllstic uslvepcmeter.

_ i verastlile clrewilt for those measurenments was de=-
gicued wileh jermitted, by sultable switching srrangements,
the domogretizeticn of & ring syeclimen from asbout 40 cersteds
tu about 0,01 ceratede, determination ¢f the normal magnebizes
tivi: curve et sny {ield up to ebout 40 oersteds, determination
of the normel maosnstizetion &t ten predetermined {lelds, orxr
the determi clien of the hysterssis curve st ten predeteoranined
ficlds vy to svout 40 oersteds., Thie circult 1Is shown in
Figure O, |

The speclmerns were toroldal in form. A torolid is
ths 8018 gencrated by revolving & circulsy or sguere area
sproand an axis oubside of the grea. The speclimens used were
aguare in crosz-section, vtecause of the euse with which they
m&y L6 made by ceating and rolling out a plete of the meteriale~
whose papnotic jroperties are to Le deteoermined, and machining
8 ring frow the plete on 8 lethe.

wne procsdurs followed ir putting the windings on the
sreclimen wes Isproved s pore sprecimens were yprepared, The
most satisfectory method was to first insulete the specimen
vy & layer of scoteh mesking tape, o secominry winding ol Ho.
S0 cotton covered, cnsueled megnet wire wag wound around the
ring, & second layer of scoteh masking tape was wound over
tiids, end taoen the prinmary windling of Ho. ED cotton covered
enameled augnet wire wag wound around the rinsg, After the

secondaery was put on the specimen, it wee costed with a tuin
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leyer of clear glyptel cecent; glyptal cement wase ulsg coated
over tie jrimery windlng., The resson for puttling the (rimsry
winding on the gutelide wea to avold the excessive Lesting of
the speslbren which ocourred when the primery windlin: wes Iin-
slde voth the secordary winding end e leysr of scoteh masking
tepe.

e theory of bellistic megrnetic weasuresents using
e bellistie gelveromoter and & rlrg especisen le relatively
simple, The principles set forth by T e %2ll {20) hove for
the wost rart been followed, His civeulte heve been changed
somewhet, but ere fundamentzlly the seme. If the ring specie
mer hes en everly wound primery winding, the megznetiziry fleld

xey te caleoulsted from the eguntion

g oo test 1, v,
P

where H la2 the magnetizing i'leld in oersteds, Iy lis the primaxry
current in amperes, wi is the number of primary twns, end Ly,
18 the aversge circumfercnce of the ring. According to He Le
Senford {(£1) the Ilux density will be uniform throughout a
oross-gsction of the rings to within 0.3% 4f the ratio of rae-
dial thickness of specimen to sversye dismeter of specimen is
1:10, This ratio wes used in the deslpgning of the ring speci-
nens, The induction on msgnetizing mey be calculsted from &

reversel of the {leld by the eguation

R, b d 8

X 1O
anz

B =



58

where & ls the induction in ymuses, Rg 1s the total resistance
in ohms in the secondsry circult including that of the gmlve-
nometer, b is the balllistic constsnt of the ballistic galvee
nometer in coulombe per mm. deflection, & is the delflection of
the galvenometer in pm., A is the cross-sectional ares of the
specimen, and wg 18 the number of secondsry turns wound around
the speclmen,

in determining hysteresis loops the swiltehing arrange-
ment wes such that the {leld could be chenged repidly from &
meximun of 30 ocersteds to any one of nine predetermined posie
tive fields, zero, or any of the ten corresponding negative
{ields ircluding ~30 oersteds. The change of induction re-

sulting from one «i thwese chanzes of fleld may be calculsted

oy AB: vr%—lz;f \AIOg

where the guantlities Lhave the same signilicance s 1s izlven
&hovVe.e

The slide wire and perellel reclistor switching ape
ransevent were constructed, The slide wilre was 1 meber long
smd made of Ho. B4 gas. constanten wire, 1ts resistance bLeling
about 1 oluss The slider was mede of 8 smell bekellte {omm
conteining & poel of mercury to insure . vod electricel con=-
taet betveen the woveble contact snd the wire., & meber ctick
wae mounted below tine wire s0 thel thie voliages droy could bLe
vuriod uniforrzly. The resistors in the rerellel reslistence

erren. ement were o set thst the sum of the nunber whose
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switches weoere closed pave ¢ pripmery cuwient eguivelient to &
deslired ield., Thue with the lirst ciosea, the LVield was
0,1 cersteds, with first twu closed, C.2L oervbeds, with
Firet *hreo closed, C.0 Ocruteds, enb s0 Ones ke resiste-
ence iy was sebt #o thet when the swilleh which anhorted the
perellel resistors was closed, tue Gesired maximun fleld
would e obtoined,

The _rocedure followed for tue verious kinds of op-
erations wes:

1. Lame neblracion. owiteh sw 4 18 thrown Lo the

ri ht, #%; 1s »t zero resistonce, and iy, is set at & position
te “ive a curront thwrowgh tho primery slightly greater than
thet eculvalent bo the Lighest Ileld to Le used, and Kv £ is
closed. (w £ 18 reversed st a rste of ebout 1 cycle per secw
ond while &, is slowly decrcaced (to the left). After Lj is
a8 far to the lelt ez possible, W' ls slowly incressed to
ite limit, The gpecimen 1z then tuken as completely demagw
netlzed,

2. Hegnetizstion Curve Uslng Slide sire. The

gwitehes are kert 1o the sswe position they were In during
demngunetlizeation, The cursent throwsh the primury is incvessed
%0 8 velue eguivalent Lo the Uiret cesired f(lield, snd tne re=-
vorsic. swiltoh sw & is reversed about ten times to .8t the
spocinen fn s cycelic slete at toe desired {ields, X 1 1s
cloved, Lw £ 18 reverscd sherply, and tue throw of the gale

vanometer read, Lw & 1o reversed, X 1 c¢losed, snd sw £ 1is
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reversed sherply in the opposlte directiocr, and the throw of
tie galvenometer resad, {(Lobh ol the gelvenomeltor throws will
e 1o the sesme directivi, ow © veluy «ept iun & poalilon Lo do

this. The galveromelter serv wes set uver Lo the left ol the

scale, mud wall tLrows were naae o tue rahit. Lo palvanoine

sLer was ocellibreted ior throws to tuuw ri ut)e The current is
toen increcssed Lo tast eguivelent to the aext desired [leld,
gizgt tae proceduwre 18 reposted.s

e Hegnetizatlon Curve Lsing israllel teslistor hpe

rencesente 48 1 is open, All ol the resistances i i, are

opens Ow 1 1s thrown to the lelt. {ﬁp}l, corregronding to
the amellest desired flield, is elosed., Liw £ 1g reversed about
ten timee to obtein e ¢yeclic condition in the specimen., £ 1
is closed, sw B is reversed sharply, snd the throw of the gale
vanometer renl. o Lhirow corresro:ading to an oprposite throw

of sw 2 is tuen oLlaidned., (& the next resistor, is put

pla
into parallel witi Lhe flrst by closin, its switch, thus nake
ing the current egulvalent o the next deslred [leld. The

procedure followed Ior Gie first fileld is raojpesnted. ALl the

other switches in %§
nometer throws o Le guteincy for sech {(ield.

4.

gre closed in turn, thus onabling gelva-

sygieyeelices fL1L of the pevellel switches are

Cpened. ks 1 la closed, o the fleld is I e w2 le

BR
reversed seversl times, le 1 iz clored, sw © is orened, snd
the throw ol the grlvenomoiel tirow resd. v £ lg thon closed

to the othoer sode, g vue gelvanvoeter tnroaw 1 rosd,
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AB,
a8

N/ /
u/u_ i
I

Thus, AL deta ls vblained Ior esohi I'lslu, rnelstions

walel permit toe calouldstblon ol Lygy, 8nd Lp are
_ AB. 4+ &b

A
B B, = LD +2 B,

MAx.
_ AB
BMax.+ Br" A53+ 4
Ly averaging the dats,
B _ AB.+A81+A65+AB4}
M A X, = 2 RVE.
AB
5 ) [AB3,+ ABH\} nve. ~ LAB 2| nve.
v

2.
welatlons rermitting the calculation of the o's correspronding

o i, end to =iy ere

(B)Hx= BMAX.—‘ A B\
= B}. + ABZ
or (B)H = Bmax. + B, t FAN Bz_ - A B.
x D)

(B, - AB, -

"Hx‘ BMA’\.

= B\- —ABj

or (B)_,Hx = 8\' - BMHAA B A Blf - A 83
2

Yhe coerclve iorce is ilounc irom & plot oif tie L=k cais Obe

taired, fhe rest of tee hycteresls looy is crawn {rom sym-

mebry.
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in estimebting the errors of these messuresments it is
euslly seen thset tue greatest source of error is the bLellistic
galvenometer. The error in field is reletively amsll even et
tiie low {ield strengths., According to Te. V. wall () the de~
magnetizing factor for s ring speclmen is zero, and hence there
gre no {ree poles luduced in the grecimen to reduce the {leld
to & lower velue ionan that celculsted. Iif the srrors in the
guantities of & = 1.2514LL23 are 4 to :u.ﬁg, w; to 3@.2%,
ord Lo, to 20,24, 6ll of which precisions ars easily obtaine

sule, the percentsze error in i is

AHHX‘OOz\/O—'52+O.22+O.aZ = 051-\0/0

The deflection of tine bellistle gulvanometer can be resd with

e precision of 20.2% for s deflection of 200 mm, &and & pree
cision of 24% for e deflection of 10 mm,., asswning thet O.4 =m.
moy bLe esally detseted. The calibration from day to day may
eiiit somewhat, sometimes ms much as 224, Hence the coungue
tation of =2 from B z 52 x 108, where the orrors in By,

P AWQ
i, 27K Wy BXO negli;ible will be

-%ﬁ x 100 = /27 « ,22 = 2i meximum for s 200 mm. Geflection

ﬁ%ﬁ.x 100 £ /82 & 4% 2 4.5 meximum for & 10 mm. cdeflection

Lo idsesurenent of Hesistlvity.

Le noom Pempersture wossurément ol .eslstlivily. The

arvangexnent ol potenticameler, stendurd resisteunce, spoesiaon,

resictors, ete., 1z shown In rigure 6. The zpecimen rests on



F\Gun.e_, ©

NAAAAAAA, J.Illl{[f

\_/

S57T0, O\ M

v ¥

To - p.?.'NT\OMLTE.Q

C\QCU\T Useo Fon M&RsuQ\NQ Q(_g\s-\-uv 'R o

AT Room |1 EMDOERATLRC



44
knife edies which ere connected to the enml. terainsle of & tyre
i potenticmeter. Jhe distance spert of the knife edges wes deo=
ternined with & 22 cw. veraler callper, Jtarrett ho. 122 &, snd
en oiumemeter connected sercss the blesdes. when the calipers
aad just wade contsct with toe lasice of the vindes, the ol
meter would swing from an indication ol infinite resistance
to en indlcation of & very swasil recistance. This alstance
pdue tihe thickness of vne blede wes taken ss tie distence
botween Wie Anife edyos. Current from & 6 volt bLeltery wes
lyasaaa thirougt: 8 current controllin: jerellel set of rheo~
stots a stonderd O.1 olun resisterce, smi the siecimen. The
doutle pull double throw switch wes set to arply the rtendsrd
registance potential leads to the enls terninels of thie po=-
tentiometer, which wes set for & bLslsnce et eitier 2-1/2, 3
or 4 sxperee, and the rheostats were adjusted until & balance
wes resched. The potentisl leads of the sieclmen were then
ar;lied to the emf, termlneals of tie jotentilometer by means
of thwe switeh and the voltesge drop acroes the known dislsnce
between the knlie edues when tue known current wes raassing
tirough thie srecluen was deterwined. The crovssesecitional
aresa of tine rods wes determined with & zood nlcrometer cale
irer, &=1l/& cm. ctarvett ko, Q00 de Llter obialnlng good
chiecks a8 to the resisitance of tie roud ot seversl currents, the
resistlvity wes csiculeted fren f= E?E {gee tisoreticul sec-
tion, pert C}e Since 4 1s guod Lo :w.lﬁ snc A to :Q.lﬁ,

Jf 1a . o0d to .12~ .12 = Uedbse

Lo Hivh Temrersture dessuresnent ol uesisbivitve. The

use of knife edges or sicllaer devices wiose length mey Le mea~
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sured Jdirectly was not conslaered [eanible 8t Ligh tesperziurcs,
£ zetislactory substitute for this type of potentiel lsade was
g paly of Leavy conteclts fesstoned fimely on to the ¢poecluen Ly
get serews. The esguivelent lengli bebtweer the contaols vnes
caleovleted Ifroc the resistance vetwesa thewm, a8 messurel Uy aun
spmebor-potontliouncter method et rovw Lemperaturs, snd ths deta
ottained Ly & previcus deltcraiiatlon et rovm tempsralure Ly

Le roteantlometer wetiind above. Thus, il dy was the resliute
ance found Lebween the hsavy sontects and hQ—hhat sehween the
knife edges of distance spsrt L cm by the Girsct wmetliod, the
eguivalent longth bvebwsen the hesvy contectes ls

Rx

0« B0, e

Thia length was sssumed €0 remain constant at the hlgher tamw
rereture, which 1t will to 1% at least. Then, in order to
neke & messurement of reslstivity &t higher tempereatures, a
current I 1s passed through the specimen, and voltage Va

found between the potentiel, The resistivity is

V; A 2
J3 =

o‘\ms Pper v,
12,

The yrobsble error i. § » essuming V, good to Oubj, £ to
0dF, 1 to 0.5%, end  to 1% 1s /.62 » .12 + 5% + 12 = 1,24,
However, the scatter of date will not be thet high since the

sources of error will probably lesd t0 & glowly changlng sys-
tematic error as the tempersture riscs,
& sipgle velue of current of 3,00 amperes was used

in 8ll tempersture rung,
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Do High Tempersture iduns,

fhe srrengement of ges train, furnsaces, end measuring

gyfovetus used lo meking & teppereture pun ol invuctance, ¢le

bt

fecetive roglvtance, snd repletivily in & nickelemon tncco ale
loy put intoe & given stzte of crder Ly ryolonged snrewnling et
Llgh tempersture ls siown in Figure 7. 4L varlec proved very
convenient fov eontrolling toe rute of noating of toe furavce

o

containing tas spotloen. The prosecure ivllowed in assing a
& <

L L2

teapereture run was as Lollowss

1, Che reslstivity ot rooas temperature was accurately
geturaine. Ly tuo potontlometer=inile vdye meliod.

2. Iue speclamen was lnserted in Lue solewolc, the
current and potenticl leads cere flirmly clamped, and the specie
men holder put into the messuring furnsce, The eprsrstus was
nede gas tight. ‘The solenold leads were inserted Iinto the
bridge, and the osclliator and detocitor started.

Ge 4 measwreuent of resistance wese uisde st yoonm Len=
peveture in order to {ix the equivelent length Letween tie pow
tential lesds,

4, Hydrogen wes swept bthrouph the ges trein end ape
peratus, and the furneace with the tube of copper turnings
started up.

&, The thermocouple potentlometer wes set at a de-
sired millivoltage ¢t which the {irst set of readinis was to
be taken, snd the current throuph the furnsce set at a value
to heet the srecimen to that temprerasture st about 2° ¢ per

minute, When the :alvenometer needle swung almost over to
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the balanced rositlon, the rete of heating wes cubt down 80
thet the furnsce would slowly coest over the desired btem=
perature, sllowing the messurements Lo Le mede,

6., The bridge wrs balenced and while the specimen
wae bt tempercbture, the willivoltayge across tie potentisld
lends wes deternmined when & amperes [lowed through the syenis
mene +Lhese deta were then recoprded and the hesting siarted
up Bpein,.

7. Detween resdings the milliiveltege acrous the
rotential lesds with no current flowing was determined in
order to eveluate eny thernmel or parassitlic euf's. so that

the millivoltapge with current rlowling might Le svaluated,

By dhepwoeleciric Lsasurerents.

These merepurements were mai e in an attempt to show
thorpoelectric svidence of the magnetlie Curie tempersture as
well &2 the onset of order. Accordingly, & length of 462 sle-
loy In wire formy aboubt 22 ga., in e disordered condition was
brezed on the jJjunction ol & Netlonal Dureaw of Ltandards stend-
erd chromelenlunel thermoeouple, thus jroducing two thermo=
couples: The chromel=glumel oy messurling temperature of the
Junction and the wBEBwzlumel for messuring the ozf, of LR agalnst
e stenGerd st the sspe temjpersture, 4 disgram of the errangee
ment of ths couples snd meessuring eppsratus ls shoen in iigure 8.
e two couples vere jut into & furnsce and hested up to 5400 ¢
at o rate of ebout 29 { per minute, the enf'as. botween 0° ¢ and

i belng reed slmultanecusly on two portable rotentiometers.
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Le Hiuh Freguency.

The orellletor wes & ratheor old, tuned-circult
wesbern Electrie, We i, 210, 1ts wave lorm was not very
jure, but 1t zproved sstisfactory for the mossurenonts made,
it conld be set &t & desired Iroquency vy usling either a
low or high Ifreguency coll and & setting of three nies con=
denser decsdes snt a varisvle air condeuser. 4L freguency
calibretion mede Dy Lr's ke Ve ioltter of the iureau of iines
wzs cvalleble., Qhkis celibraticn wes checked to within 1% by
meang of & Generel Hedlo, G, R, GI3bL, beat frequency oscils
lator end an oscillogreph through the use of Lisssjous fig~-
ures. Two frequencies were used In the work, one at 46,500
cyeles and the other at 50,000 cycles,

The detector wes & visuel cathode rey tube tyre
using &8 685 tube and 1s similer to that desceribed by J. F.
¥oehler (28)., its sensltivity was suiliclent to detect e
bridge balence using the sxallest of the resistance decados
in the bridice

The Uwen bridge was set up oo & G. K. Universal tridge,
Type 2934, which is & "fundamental bridge circuit which cen ve
connected to produce a wide variety of direct and salternating
currert Lricges” (£3). The three varisble resistors in it are
sccurate to 0,1+ except the 1 ohm units which are ecourste to

UaR8%, and they ore so wound thet the bridgie may be used up to
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50,000 cyoles (83). The 0.001 uf condensers are of types
s He 107f, and the shilelded transformers of Lypre G. A,

L7860,

Ly iiesletivity.

The potentiometer used in the room tenpers ture meaw
suresents wasg g Leeds and Horthrup Type %, which 1s so well
inown &8 0 need no urther deseription. The standerd rew-
sistance wes 8 Leeds snd Horthrup O.,1 ohm, 15 smpere, stand~
serde. 7The smmeter used in determining resistivity at elevated
tempere tures wes & 0-6 ampere Wezton Hodel Lo, 45, and wes
calibreted with the Eepotentiometer esnd 0.1 ohm resistance

standerd.

Table 1. Calibration of hweston Ko. 45 Ammeter Bo., 43057,

deston * HKelgtentiometer :
{corr. for tewp.) i velue : Correction

anperes : anperes H
0,508 0,459 -0.013
1.003 0905 -0} o GO
L.505 1,485 «,010
24006 1.9€8 -J,011
ww!nwmwmw &ﬂmaﬁ i00§
Wnﬁw% @taﬁwm ’Q-Hwﬁvﬂo
mmtwww.ﬂv wawwg ‘Qtﬂwgm
4,012 4,012 0.000
*amwﬁ #.@W@ &G.QG&
54015 5,01 +0,004

The millivoltsge soross the potentisl lesds was messured by a
srown Model potentilometer or Ly the millivoltage ranges on a
vensitive Hesearch lustrument Company Universsl rolyrenger,

whickh wes accurete tu Q.20x,
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The bellistic pgealvenometer was s leeds and Northrup
Type HI Ho, 2280=d; 1t had m 27 second poriod, 640 ohm resisie
ance, and a criticel deamping resistence of about 24,000 ohms,
The galvencmeteor was used sliphtly underdamped with an exter-
nal resistence cireult oi 25,000 ohma, Yhe calilivretion was
made Ly cherging s standerd condenscer with & stenderd cell snd
dilsechergling the comcenser through the galvanometer and 25,000
ol eliunt, With tiiis arrspgesent 1€ is essily shown thet the

beillistic constent is

b = R« ¢ ¢

Eﬂviay S.c. |MW\.
uglng i, ™ 25,000, hg 2 640, and Bg.e, = H.Owwmm volts
%5000 .o\ C . 54906 C coul
mv T G40 +25000 ¥ ot d 4 d 2 \?’?)

where © is the bellistic constant in \>neL\ rer mm., O is the
capacity of the condenser in M f, end 4 is the . slvancmetey

throw in mm, One of the celibretions mede ls shown in Figure 10.

Ly Bolencid esnd Hounting.

4# yhotogreph of the solencid, mounting, snd resistivity
lesds is shown in Figure 1l. The solemold conzisied of & sine-
¢le layer winding of No. 88 ga. platinus wire, 98 turns per
ineh, $-7/6 inches long,on & 6-inch length of fuced sillice
tubing, 0,966 cm. in dilameter, & plot of the field calcula=
tione mede Irow the dlmenslions snd consbtants of toe sclenoia
is yplven in Flgure 12, 4ne windlng was lusulsted oy 8 coatlag
of slundun cement, Tue lesds fropm the solencid te the bridge

were of No. 28 ga. pure silver wire. 4 smell ironeconstentan
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Figure 8. Shielded Owen Bridge for High Frequency
Measurements :

L.Re

e
nin

RECEIVER

|
GENERATOR

Generator: iestern Electric W. E. 610 oscillator.

Receiver: 6E5 ilectric Eye, two stage detector.

Shielded Transformers: General Radio Type 578C.

T

H

(@

and R: ,-Decade shielded resistors, C. R. Type 602/,
Shielded resistor, (1000 ohm), G. k. Type €02

and CA: 0.001 f !'ica condensers, . k., Trre 107f.
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Figure 11* nolenoM* iiealativlty infects* and. supports*

efnis ?1#i l« from the @1l6# and slightly under-
neath* visible are toe solew id* toe central alundum
Insulated quarts tube; toe specimen* seen projecting
from toe solenoid at toe left* toe thermocouple and
solenoid leads* on the under aide going into toe 4-hole
ceramic tubej and toe resistivity current and potential

leads fastened to toe specimen¥*
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thiepmocouple wes mounted uvander the solencid, The galliration
ol the second ircu-consbaatan couple used sgaliel g Zurcuua of
vltandards stenderd chromel-slumel thormocouple ig _lven In a
cifference table, which was derived from the dats cbiuined.
Teble £, Galibratlon ol Iron~Constentean Thermocouple.
vifference Detween Hlllivolteges of Couple

and tie willivolteges in the lLeeds and
korthrup Tables.

Ll

Ubserved . Correction . Observed M Correction

¥illivoltage : for L. & M, 5 #1llivoltage , for L. & N,
: Tables : ' Tables
MO mwo ‘GQQMW Mmtamu -otwm
S. 00 (e 0& N@-@@ 300099
4400 -0,04 17.00 ~0e 53
5400 ~0,006 ig.00 -0.06
6400 «0,07 18,00 =0, 3¢
7400 -0, 09 20,00 ~0.43
mlao ‘r &@f.ws mwtﬂﬁw ’Dl%m
9,00 ~0.15 22,00 =0.80
10,00 wi{la 1& w@l 00 =0, 88
11,00 =017 24,00 -0 87
£+ 00 -J»20 28400 ~0.58
15.00 ~0.22 26,00 3.5
14.00 -3.28 £7.00 =08

se  FUTPDSces and Temperasture Lontrol,

#

Two horirontel tube furnsces were desl, el Ll GChiw
structed oy the purpose of . lviug constant temperziure z2ones
at lesst 10 inches long. This end wgs schleved Ly Lz use of
long, vory unilorm windin o of o, 1B Chrouel 2 reslcliancs
wire. dhe overall length of winding wes alout 28 inches, aund
the insulation wes wade guite uniform. Two Lecter vwindings of
about 5,5 ohms eachh ware used, one to surport the msin hesting

louw, and tie obther for condrol purposes. 4Hlso, for tihs
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temperature controller, there was uosdded in tue slundus Cew
ment insuletion sround the heaters, & vifllarly wound coii of
wire having a high tewpersture coefliicient of resistaunce, Ho.
36 goie pletinum iu one furnece and Ho, 25 ge, nytemeco alloy
in the other, The tempersture controllier was & bridre cone
trolled thyretron cirouit, described by k. Denedict (24},
This controller had excellent sensitivity, but elso &n un-

Tortuncte tendeney to drift when used for long crnealsz,
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The rods of nickele-manssnese slloys were mads of
electrolytic mensenese, winich is sbout $%.85- rure, (25) and
of electrolytic nickel, Tihey were mede by casting the clloy
and swegsling Into rod fornm. The dete of srplyals srnd the diw

mensiona of these rods sre ~iven in Table I,

Lable S. Hickelw=wen Boese Avd Lpoclmens,

f ﬁnalyﬁiﬁ ‘Ltomic ﬁﬁ%@ﬁﬁﬁtﬁ@hf é
Humber #n . &R : 81 ‘uiamﬁt@r . ength

g Who w; wte T at. % s at. & . Ol e R £ 28
%&1 23&.4 'é’ﬁ.i% 36.1 ’?3‘9 0'6?5{‘% ‘798
G2 3.2 T6.9 2d.4 T0.6 V.672¢ 10
WHS Lled TEeb P VT ed 0,673 Teb

Freceutions were teken agsiusl OXRldatbion ol these ad
specimens DY seeling them iun vecuum ln pyrex tubws during long
annesling times st eleveted temperstures, and vy mesing the
remrersture runs in s hydrogen stmosphere,

e nickalwmmnfﬁmwsa wire used in the tlhersoeleciric
mepsuranents were mede from a 7 inch lengtic ol -0k rod, which,
Ly siternste drewing snd snneslliog, wes reduced in dismeter

untlil sbout HO irnches of Ho, 22 g8, wire was obteined,
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ihe rings used in the ballistic messurements were
slso mede from electrolytic men anese snd electrolytic nickel.
They were mude by vesting and rorpping pleates of tihe desired
manganege content. Frowm these, ria.s of uniform dixensions
were machined on & lsthe, The snelyses and dizensions of the

three rings on wiiich messureneonts were nede sre shown In

Table 4.
Table 4., Hichel~dan.anese Ling ospeclmens,
Bl2 . pee ., 831

hnelysls

senyenese, wt. & 20,1 26.3 21.4

filekel, wh, & 78,8 Td.4 The8
Atomie Compoesition

Langeness, at. o 21,3 23647 226

kickel, eat. & 78,7 753 7.4
inside Llamster, cm. $.610 6,360 5,766
Gutside Llameter, Coi. CeTE 7o 408 7056
dadiel Thickness, cm. 0.621 0.688 Q645
width, om. 0,880 1.104 1,018
Crossesectional Area, om< 0.528 0.688 0.657
Average Lismeter, cm. 64131 €763 6.411
Averaze Uircumfeorence, cm, 16,86 21,31 20,14

There were three other ring specimens, machined {rom
the same plstes s thone sovove; they sre rot listed, because
most of the dets wes obtelined wilth the asbove specimens. The

ring sreclmens were ;rotected from oxidation during snnesaling
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Ly keeplny them In e kesvy lron Lomb kept evacusted Ly a liy-
VEC UG

in soge of the yreliripary wora 8 rod of electrow
iytic nickel, 10 inches long end 1/4 inch in dilsmeter, was

used,
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Lo Toppersture Hun with hod Speelmend.

1. specimen: U081 {24.4:x é¥n, 7H5.2% 1) hented at
80U° U 2-1/2 houre o disorder it, snnealed in vacuum 87 hours
at 485~4309 0, gir gusnched on heavy coprer plate,

2, foom tempeprsture reslistivity!

Lurrent Voltese desiztence

2.5600 0,00560 0.00224
%000 0.00672 0.00224

4.000 0,00895 0,00228g
5,000 0.01120 0.002240

dest value of R = G,00R&4,
vlstance between knife edges ¥ 15.0683 om.

Croass-gectional ares = 'y i&;ﬁ?ﬁg}g s Q0,558 om®

Resistivity s QeQ02240. % 0.9902 = 51,18 x 107° olus
o S

$s Eqguivalent length bLetween potentlel lesds in
furnace:

Temperature ® 2% C

Lulvent z $.00 epneres
Yolisge e CL.80 miilivolis

walstance = ZeD0880 . 0,00230 ohms
A 74+ (+ R

L= 0.,00230 5 15,686 = 16,10 em
5.00554

% 1000 = 7,41 V!

where V' is the milliveltess scrosa the potertiel lesds,
4. bridge equotions:

L= 1,087 (A=78) micronenrys
jie 2 1030 - s olms
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slterneting [leld within solenolid:
Freguency = L0,000 cycles

Yecuun thermocouple palvanometer olsplacement
with 1000 ohwms external = 4,8 diviglons

bia.t, ® 12.5 milliemperes

irax, ® 2 x 12,6 = 17.7 millisnyperes
bpax, ® 0.8 Oerateds

TJempersture datss

{a) &igh frequency dets

&4

Tempersture sridge

Time my i A i AwT8 b R
$:10 2.02 S8 478 860 402 429 164
91288 3,00 56 i34 844 <5 483 180
vadl 4.0 76 18 4 880 Gel SO 204
gioB 5400 88 744 771 HOL 718 pLaedit

10:22 6400 112 863 7iB 787 840 S06

10:42 Tall 131 v 49 21 550 375

13308 7486 146 1015 616 Y] 1000 408

311316 CeTd 160 1168 837 108w 1157 £17

11:50  106.00 184 1060 bos 1004 1071 S78

i2:24 11.00 201 1006 856 @50 @3 365

12348 AE.08 el F08 Cow Bow 8us w0

12:5¢ 12.81 o 887 649 ST 876 75
1:15 14,1} 256 86¢% 631 723 645 S5
1:28 14,63 270 Beow 618 Tod ﬁﬁ% 400
1147 16,20 2ui 848 LEd 6@ 820 441
£:08 17,00 07 S8 566 746 ?@ﬁ 458
2119 18.00 24 740 &5 664 708 449
2:56 18,00 S48 24 646 448 477 E7G
3166 80,00 SHb &67 740 28l 311 el
3110 E1.,006 o7? HoY £33 Te0 iy 212 254
V104 BEL.LO b 241 76 160 176 £28
H5eB0  BEL10 413 =26 Te'T 166 160 227
3102 24,15 431 21y Vo4 143 165 £30
4118 25.10 448 217 Te0 141 150 2H4
43126 26,10 467 216 786 140 14% 238
4:47 2T.46 450 218 780 140 149 244
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4. Tempersture = 31,5° ¢
Ve wath ¢
i i o a de vl o m
Gel J.00612 1i8.4 Lo .8 1u.a 1115 GGG S0
117.6 154,316,
3,286 00,0183 ii8.4 L0 Gle b 1,088 1383 2300
113;% lﬁ'ﬁr .0 61;@
Uab 0,086 11,0 218,.7 OYeT  1.0E8 ROTE 4050
117.6 £15.4 5748
G,78 0.0409 118,0 Colaell 1l4.8 1.0381 2443 SR60
117.3 Q32,2 114.9
i U, 0512 117.5 Sdd.4 120,99 1.07B 267D 2675
11,0 248,0 127.0
A 0,123 118.,0 2T0,0 . 102,00 1.078 $1GL 1593
117.6 26%.7 16,1
5] 0,506 117,86  2D8.& 17847 L.067 &S8O 7ig2
11&.0 gg&pa l’?a;%
10 C.812 117,99  301.1 1&&.3 1.086 3810 381
117,83  S00.8 183.5
P8 223 1173 G4 e lﬁ?gﬁ 1.06H &B30 164
1184,0  $04.,7 106.7
<0 1,836 118,.,0 GUB.0 188,00 1.06b 8.0 130
1}.?Q ? 3&4 » 7 - A
Le Hysteresis Loop.
1. specimens Lo above
2, uindings: /425 above
3¢ Bguetions:
B2 16,35 1
5g B2 4 ¢ 908
&wg
= b' x 107Y x 25640 x 108c _ 9.1 b'a
@tfds)? X 10G.0
4., fdempersturc = £28° ¢
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5. Date (continued):

2 %@ En - hl‘ LDy, » ﬁr
7840 2500
7840 2500
7766 24450
a8 2485
TERE 2470
7810 2476
7788 2475
7880 2810
24900

770

gg% ﬁ?*

% BV

bmex, = /2 (7800) 3 3900

ip

= 1/2 (B3RO ~ 2480) = 1420

63
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5., Dbata (continued):

T840 2500 5340
7840 2500 5340
7765 2445 5820
77686 2455 5SSO0
TE2H 2470 5568
7810 2476 5336
78H 24785 6310
78RO 2510 5310
7770 &880
7768 BRE

‘ &V, O3 av.

1/2 (7800) = 3900

Eg
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1/2 (6320 =~ £480) = 1420
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VIiiie HESULTS

he Temperature Runs on Hickel and Hickel-ien anese 2lloys,

l. Hickel. Figure 13. These curves show the tyre
of results cbhteined by the sxperimentsl procedure when a nore
mal ferrome;netic metel, nickel, is hested through its Curle
temperature, The lreguency used was 61,000 oycles.

2. IHickel-#angenese flloys. Fliures 14 to 286,

& chronclogical list of the heat treptuents sund date pertaine
ing to the resulte shown by these [igures is given in the
following tables.
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Listory of the slelin £11loy Hods.

wesl nution wpec hinen

# sm D

5 uy  ea

Lset Trectment

oy o .
FERS &

Fijure 14 LS
&

R
ke @

w6l
24,4, En

Pigure 18

-6k

wilgure 16 <G4
24.4i

34
4]

digure 17 L6

vesled in vecuwwm in fused sllico tube
ing. ileated to 10000 ¢ in 2 hours,
kept st tewmperature lor 40U alautes,
fuamrsee cooled to 6009 ¢, khept at
tegpy erature or 1 hour, sud aipe
guenchoed on & metsl rlste. Annesled
in the tempersture ran. e ol 41lo-480P
for one week, asnd slre-guenched to
room tempersture. Tae run was psde

n thie alloy in this conditlon, heate
ing io nyorcgen to B850 ¢ and furnace
cooling.

wesled In vacuws in fused silica tube
ing. Hested to 1000% ¢ in & hours,
Zept st tempersture 40 minutes, couled
to 6000 ¢, kept there for 1 hour, and
aire-quenched on 8 metel plete, ieseal-
ed in pyrex urd sccidentelly heated
for seversl hours st &O00% €, cooled
to 600% ¢ end eir quenched. The pye
rex tube colispsed around the rod,
but toe vecuum held, snd no peroan-
ent dewsge seased to have Lesn sule
Tfered. Jfnnesled ior $6 hours in the
tempersture rsnge 410-418° ¢, snc
gir-quenched. dun zsde on alloy in
this condlition, date wee Lsken cupe
ing the hesting of the elloy to 464°
U only, the slloy wes ther ilurnuce
cooled.

fFliocy in conuition sfter the :un sbove
piver in Filpure 1o, was slowly hested
in hydrogen to 4820 (, and cooled at
thie szmo prate,

Alloy after run of Figure 14 and
socclidentelly heated lor seversl hours
at BOUC C, cocled to 6000 ¢, end gipr-
quenched, (.oe remsrks in section
on Pijure 16}, Annesled for 96 Lhours
in the tempoersture ran ¢ 410-4159 ¢,
and slir-quenched., dun mede on slloy
in thilie condition, hestln, in Lhydroe
eon to 4289, snd Iurnece cooling.
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Thermal HListory of the Ni-~¥n Alloy Hods (contd.).

besli netion

& w¥ as

*: 2% &9

iignt Trostment

Flgare 1y

Figure 20

Flgure 21

Figure 22

LSpecimen
«6d
21,60 Hn
w63

‘21; 5}%‘ "m

w62

28.24 in

w61

Cde.4 Mn

063
21,84 in
w88
3 . 2, n

Alloy in condition after the run a=
bove, glven in Flgure 17, wae heated
to and cooled from 4520 ¢ in & hy-
drogen atmosphere durlng the ran.

£fter run of Figure 18 tiie slloy was
heated in wveacuum &t 800° ¢ for 2-~1/2
houre, cooled to 426° ¢ in 1 hour,
annealed in the tempsrsture range
425-450° C for 87 hours, and alp=-
quenciied, The temperature run wae
heating to and coolingz from 486° ¢
in & hydrogen atuosphere,

The alloy was sccidentally heated In
vacuum st 800° ¢ for several hours,
{see remusrk in Section on Figure 15).
The alloy was then glven the same
heat trestment ss 65 sbove, The
alloy was heasted to and couoled from
486° ¢ in & hydrogen simosihere
during the tempersture run.

After the run of Filgure 16 the slloy
was piven the ssue healt trestment as
that of wBd and LE2 sbove. The ale
loy was heated to and cooled from
460% ¢ in & hyurogen stmosphere dur-
ing the tempereture run.,

Lfter runs of plgures 19 snd 20, the
slloys were sceled in vecuum and
hested to 4659 C 4in B hours and kept
there for 6 hours. The tempersture
wes lowered to 460° in £ hours, snd
tnie alloys were anncsled in the tem=
perature ronge 460«470° ¢ for 94
hours and slr-quenched. iates were
teken on heating «63 to 1619 ¢ and
on hesting 62 to 404° ¢ in & hydro=-
sen atmosphere.
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Table 5. Thermal history of the Hi-idn Alloy Rods {contd.).
Lvesigneation 1 dpecimen 1 leet Treatment
Filgure 23 @6l Saume heat trestment as above. Lata
£4,4% Hn were taken on heating the alloy to
438° C in 8 hydrogen stwcsphere,
Figure 24 @63 the alloy wes heated in vacuum at
21.8% Kn 6000 ¢ for 30 minutes, ihen it was
glven 16 ﬂaura et 440-448° C,
cooled to 420° ¢ and kept there for
7 houra, cooled to 364° C and kept
there for U6 hours, cocled to 3669 ¢
and kept tnere for 4& hours, cooled
to 3649 ¢, and kept there for 40
houre, and sir-guenched. lata were
teken on heating to 324° ¢ in a hy-
drogen stmoephere,
Figure 25 «62 Seme heat trestment ss sbove, Date
23.8% M¥n were taken on hesting to 393° ¢ in
e hydrogen stmosphore,
Figure 26 661 Same heet trestment ss ebove. Llate
24.4% Mn were taken on heating to 465° C.
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Table 6., Lata Fertsining to Individusl Sune.

H Spidge : ivers.e Thermel nates : Time in Ordering Hfenge
Run : i rrequency : aestlng ¢ Voolling @ (3500-500PC)

: Type : C¥. 86Ce : 9C/sec. : ©(/sec, : winutes

3 3 : : H ﬁ“ting : Gooling

dlckel Jen 61,000 - - e D

65, 168 krs.
st 415-4200 (. " 46,500 ca., 2 ——— ——— -
w61, 96 nrs. HBXw
gt 410=-415° ¢ well 46,500 1.0 — g8 ——
«61, as avove
heated to 40649 U Uwen 46,500 1e6 1.8 62 81
w68, U6 nrs.
at 410-415° C ® 46,500 2.0 o 21 -
63, as sbove
heated to 422° ¢ " 46,500 30 1.8 36 52
63, 87 hrs. -
gt 425-430° 50,000 1,3 1.4 85 88
862 {(se above) ! 80,000 1.0 1.1 140 106
61 (&s aove) B 50,000 1.0 1.4 122 140
63, 94 hrs. _
at 4604709 ¢ " 50,000 0.8 - 0 o
w62 (as aiove) # 50,000 1.1 - 66 ——
w61 {ﬁﬂ a&mv@} " 50,%@ 101 R 1056 ———
63 slow cool
to 3500 ¢ " 50,000 1,0 - 1] ——
«82 (as eslove) " £0,000 Oe% - &9 ——
61 (a8 slove) R B0, 000 0.9 - 58  —




74

Taeble T Curle ioints end usnbities Lerived from Bunag.

: 3 : p
illoy : Londition : Curle ifoint i Approsch i Eaximum Inductance
: : Oc : to 6. ¢ degnitude : Temperature
63 168 hrs. ot 415-4200 ¢ 320° ¢ eharp 1356 n 80° ¢
21,55 En 96 hrs. at 410-415° C 280 moderste 870 38
&8 above, heated to '
422° ¢ 300 gredusl 1020 30
87 hre. st 425-4300 ¢ S20 sharp 1040 47
£8 abava, neated to
466° 180 graduel 8bb 28
94 hirs. st 460=-470° 80 gradual 185 24
Slow cooled to 3I60° ¢ 325 sharp 1000 110
62 47 bra. st 425«430° ¢ 360 shis rp 1200 174
23.2% ¥n  As esbove, heated to '
4820 260 gradusl €20 46
4 hrs. &t 460-470° 400 aredual 260 30
Jlow cooled to 3580° U S50 sharp 1170 1%0
461 96 hre. et 410-415° ¢ 460 moderate 1050 167
L4.4: “n L8 shove, hested to 4649C 430 moderste 1000 151
87 hrs. at 425~4300 « 440 moderate 11556 160
ts above, hested to 4809C 370 aradusl 520 26
94 hrs. at 460-470° ¢ 410 suLaryp 870 160
Hlow cooled to 360° 470 very sred- 490 170
usl
sickel 568 very sharyp 300 367
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Co MWagnetizetion evd hystereais of Lickel-ienyanese Alloys.

1. ibhermel Lisbtory of jein L3110y dlng creclmende

. 231, {Bl.4p Up), 60 bours st 430° ¢ plus 170
hours ot 408% C. The alloy in s cold worked nonemagnetic
condlition wes heated irn wvacuum to 4309 in sbout 6 hours,

It wes kel &t thot taempersture for 60 nours, sifter walch
the temper:ziture was iowered to 40869 ¢ in 7 bours, kept there
for 170 hours, and furnsce covoled tuv room tewpersture at al-
et 19 U per minutc.

be 8531, (2le4s #n), us sbove, repidly cooled
from 435° C.  After messuwements hed been mede upon &31 in
the sbove concition, it wss put in e amuffle furnece et 438° ,
heated 8t Lenperature ifov id sdnulcecs, snd zir-quenched on e
heavy coppor plate to room tenpereture, The cooling rete
was about 102 ¢ rer second.

e, B31l, (21l.40 ¥n),cooled through the ordering
range et 29 ¢ per minute, Aiter the sbove trectment BE1 was
rat in g mulfile Jurvece ot 660° ¢ and cooled according to the
fellowing tlme-tempersture data, It will ve seen that the avere
ege rete of cooling in the ordering ranse, 5103802 ¢, waes

1.5° ¢ per uinute,

Time (mine) $ Tempersture 2 {
O 660
4 640

28 &60

<6 640

46 $10

53 4886

73 460

100 410

116 v w50




172 §

o 521, (25.3% inj, 116 hours st 440° ¢, 521 in
the cold worked, monems netlic condition wes hested to 600° ¢
in 8 pulfle furnsce, kert there 5/¢ hours, end eireguenched,
it was then neated in vacuum to 440° ¢ in & hours, keyt iLhere
for 116 hours, end [urnece cooled st 2% ¢ per minute,

oy £11, (20,15 bn),sireguenched irom 2500 C,
This specimen wes wepnetiec in the cold-worked, as received,
condition. It wee pubt into & muifle et 950° C and sireguenched
from thet teuwperature. The scele Tormling from the highe-temperaw
ture trestment was machined oif,

£o B11l, (20,1% ¥n), 512, (20414 dn), LRE (20.3xHn)
eng 431 {(Sl.44 8n), 72 hours at 45090 C, Frevious condition:
511, after sireguench fvom 8609 O3 Bl2, as received, machined
into ring ; BE2, as recelved, mechined into ring) k31, cooled
from 660° ¢ ¢t 8° C per winute., The rings were heated in a
muffle st 600° ¢ for 1/2 hour and eire-quenched. They were
then heated in vecuwmm to 450° ¢ in € hours, snnesled at 4600 ¢
for 72 hours, snd furmsce cooled,

£e BlE (20.1. kn), 522 (25,34 ¥n), B31 (21.4k Hn}):
“lowly cooled to 3809 ¢, Frevious condlition as of ebove., The
alloys were heated at 600° ¢ for 1/2 hour end sire-quenched,
They were then hemted in vecuum to 560° ¢ in 30 hours, cooled
to 440° ¢ in 13 Lwurs, cooled to 400° C in 6 hours, keopt at
400° ¢ ror 50 hours, cooled to 380° ¢ in 6 hours, keyt there

for 60 hours, snd furnsce cooled.
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§g§agical Resulta.

8. 31, (2l.4s Wn), 50 hours at 430° ¢ end 170

hours at 408° C,

fable @, lormal magnetization from -13° C to 98° ¢
¥ileld: irductlon E in Jeusses aud ermesbility A rature
B -1 € 4% { : oes G : Wﬁl“ G GEv ¢ : [ T Ub0 G
Be. T & oMt B 3 o1 L b M BT MY B L M LY B 1
0,1 76 760 140 1€00 170 1709 220 820U 860 8800 285 2950 285 28580
0.5 SH6O 2200 BUd IROD 266 3460 40 STO0 1010 404U B0 SBE0 205 S620
0.8 1370 2740 1620 3240 1070 3340 1700 3400 1730 3460 1840 I2BO 142E E850
Q.76 1680 54 200 BY60 2100 2800 2080 £790 2070 o/l. 1250 E800 18635 2200
1 CE66 2060 2380 2280 24205 2425 2360 2lo0 Q8RB0 €2uU 2170 £170 1830 1830
2 - - - - - - w60 14786 2E10 Ls00 2806 1308 21850 1078
€5 20 133 SS10 0 10BO SkeU 1ol0 - - - - - | —— - -—
-3 4080 Mlﬁ SE20 760 3870 774 BGOU TLQ  S340 LG 5040 608 24885 500
10 4675 458 4330 453 4elo 422 3470 38T SLTO NI ¥ 36 27086 £70
20 5020 251 - —— 4420 w2l 4040 28 L7290 127 5480 1?4 £915 146
25 - - 4550 1a4 -~ - - - - - -— - —
30 - -— - ~= 440 149 <4IRQ 137 oD 31ES B30 114 2880 102
35 5120 148 4600 131 -- - - ~ - - - - - —
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fable ll, Haxlmum Fermeebllities,

?@myaratﬁra : /U\m&x* ; (ﬁ)/4ﬁa#¢
-T2 G 2040 V.76
-13 2750 Q.48

0 £960 0.40
24 5320 0,36
S 3490 0+30
51 760 0.28
66 4040 O.25%
(i 5620 O.26%
956 3620 Q,256%

115 3220 O.26%

¥ Apyproximete - date lncomplete, OCee
Figure 48 for better date on the
varistion of U g, with H,
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Table 13, Additionsl Lemegnetizstion of udl,
50 hours at 4309 ¢ plus 170 hours
et 405°
. =729 ¢ : 1162 ¢
i H 3] : i : 3
40,7 5628 S0 2530
21, 8 o415 20 P 4]
10.8 48860 12,9 22830
Led 4300 8.9 2030
253 $680 2.74 1773
1,02 2915 1.3 1546
0,765 27656 0,82 1460
Q.81 2680 0.588 1330
De 2360 0.26 1135
Gel3d 2230 O¢1 920
0 2110 0 730
-0,101 1975 «0,1 230
w0, 25 1668 «“Q426 «710
~0,51 20 -0+ 586 -1240
~0,705 -380 -0, 98 =1418
~1.,08 -15630 “l.3 -1540
-2.563 ~51560 2,74 ~177%
-5,54 ~%1@0 -G,8 ~20185
~10,5 4880 -lZ,.9 «2800
~Zl.8 e&&@ﬂ ~20 2545
-~40.,7 ~5625 -30 «2B30
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Toble 14, Hysteresis Constsntas of B31, 50 hours st 430° ¢
rlue 170 hours st 405° (.

: Maxlmum : Heaxlmum : | : Coercive
Tewmpera~ |, Fleld , Induction ; HAemenence , Force
tgga ;. famex, 3 4ﬁmax. : Ep : kg
; cersteds 1 gausses gaupses : oersteds
-72 40.7 DOLO 2110 0.52
=13 S 8085 1785 Veiieg
0 55 4550 1740 0,30
24 56 4000 16565 085
<% S0 4810 15w0 0.24
bl 0 4050 1430 0.20
GO w0 SECO 1330 0.18
77 30 SLed 1180 0,17
65 30 2580 930 0.16

115 S0 2050 750 O.12
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ce 5OG1l, Bleds #n, coolet through the ordering

range from 660° ¢ at 2° per minute.

Table 17. Hormsl Magnetizatlon at 30° .

M f Poos o, B
persteds : .ousses @ a : oersteds: rsusses /5
» 1 bl - *E & ﬁ s f}
85 - - & g 1.8
oY - - 10 16 1.6
78 i 1.3 20 40 2.0
1 e “e0 S0 o8 1.7
de B2, £5,34 ¥n, 116 hours st 4409 C.
Table 1&. Hkormsl Megnetization at 30° o,
B : ' : i : 5 :
* : =~ : 3 s : :
cersteds , psusses ; /M ; verstods, gaussees ., ,fA
ol 10 100 2 o7 188
.25 28 118 & 83& 166
5 56 112 10 1263 iz
75 111 146 20 1775 89
i 162 162 30 2000 68

Haximum permesbllity . = 1B et & ve.
¥ HaXa




Teble 18. Hysteresis st 300 (,

- : i : H : B
oersteds . gauszes . oersteds . geusses
&0 1890 o 1036
20 1860 -3 838
10 1642 -id 563
5 1462 -5 -130
2 1268 -10 -3E8
1 1171 -20 «-1711
=30 -1990

Beximum lnduction Dpgx,
By

Hemanence

Coercive force

b

"

1980 gausses
1036 gmnusses

4.3 ocersteds
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e, 4ll, BU,1ls in, sir-quenctied from 350° (,

Teble 20. loressl Wegnetlsatlon at 869 (.

i1 : & 3 ,/AA i ai : : //A4
ol 2 20 o S8 27
o2 13 & 10 168 20
ol &b 50 20 260 13
i 45 4 <0 SSG il
- &80 40

£. Bl1l, klz, uUEZ, snd s581l: T2 hours ot 450° ¢,

Teble €1, Hormel Jegnetizstlion st room Yemperstures,

«

: 3 t :

o : S51l o 518 : e . PRy g
Sl 3 N g A ANy B A
-1 45 440 16 1350 & L0 - -
25 69 o 83 218 4 O - -
s Sob 71 146 =29l su g0 - -

$ 75 438 74 o2 <10 o7 76 Ja 7 i

1 450 4:0 262 B2 v 9B 1 1
2 807 307 418 210 £21 110 ] 13
& OO 146 £96  1le oRd 108 9 1.8
10 GO04  BU.4 Ti4 72 841 84.1 15 1.5
20 1050 01l.5 685  44.6 1204 60.2 o9 1.9
S0 1168 37 1000  386.8& 1460 40,7 L0 Lle7

saximw percseeblility . :

4 iF 3’/* LeX,
sll, B4U st Q.4 cerstied,
LlE, 32O at 0.7 oerated.
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teble 22,

111

Lemggnetizetion Deta on Bll, LlE and L22

et Hoom Tempsrsture of the T& hours at

450° ¢ Annesl of I,

£ in fausses : 3 in ceusses
el : B11l : Bl : L28 H 3 Bll Bl2 B
S0 1135 76 1410 -ol 247 227 -
20 1000 868 12968 - 25 65 188 664
10 883 7156 11286 -o s 270 45 a8l
& 753 591 Ped - 75 -EHE -114 6350
e 590 444 &62 -1 422 -202 587
1 8508 371 792 -g «-560 «~366 SOG
TS 475 S60 768 -5 -726 550 33
) 442 S20 743 «-10 =280 588 =520
o 25 88 284 730 =20 -~101% 868 -1187
ol S48 264 - «30 -]158 -G78 -1410
« 0 S02 280 713

Coercive lorce, hg:

Bl

iemanence, Lp:

=

1

"

"

(U.46 oversted,

Q.67 oersted,

4.7 cersteds.

02 jeusses,
260 gausses.

713 ususses,
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7. 318, 528, 8l slowly cooled to 380° «,

Tevle £5, Lormel ldagnetlzation at iloom Temypersiure,

N - 012 X pg2 \ 531
A ; A : & AN : & AN
el &4 L40 4 40 65 w650
25 176 700 i0 40 LoES £300
. 72 1444 27 54 2075 4080
o 7H 1346 1800 43 By L4443 260
1 L7566 1766 60 $18) 86T L8786
e 25650 1275 116 58 SABS 1593
& S360 675 209 L4 3660 712
10 SBL0O SLe 440 44 S810 Wil
<0 4080 204 706 S& 2880 1e4
S0 41350 id8 3856 PSP FALERY) 130
Hex lmum pe?m@&%iliﬁy{/U\mﬁx,u
2182, 1800 st 0.8 oersted.
Leg, 80 st 1 oersted.
pol, DOULU at U.&80 oversteds,
Teble 24, lLyscteresis st hoom Tempersturs.
! . : : ,
B s BOoin fensBes : H : B in geusaes
H iﬁg b 332 b4 5551 . 4 -\J"lg H L‘ﬁ’jg H {;31 »
ey 4118 865 S600 -0e1 1470 - 800
20 40086 T SBGU -0 o 85 1220 o - 1020
i0 SLRO bBHG 3T8H =0eH 140 258  =2020
& 3400 “68 G640 ~0e7H  =1020 - -2400
- 2740 S04 S180 -1 -1380 209 =~ 2600
1 2580 S20 270 -2 =-2470 141 =-3160
0.78 2180 - 2560 -5 « 3300 -7l  =3620
0,50 2080 249 28560 =10 -STE0 =318 -3760
G286 1680 - 2010 =20 -4010 =08  -~3880
J.1 1660 - 1710 =30 4118 BB 3800
G 1580 260 1420
Coercive Lorve, kg LOMBnence, ipl
518 T 0.52 cersted, Bl2 T 1880 :zsussos
SBR = 4.0 cersteds,. 28 = 2060 _sussBes,.
231 = Ja1ll versted. il = 1420 zeusses
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Table 20. =ormel Mspnetlzation of u8l, 2l.40 dn, ~lowly Cooled to 280° ¢,
from \Jlo j ] 1610 fow

#1016 Inductlon & in susses srd jermescility st Tempersture
SR L S T -2 S T 71 ¢ : §1° ¢ : 1119 ¢ s 121° ¢
6, ey AN o8 ANy B M B3 AN E 5 A 1 B8 AN
- 44 1760 58 L2260 100 Ha2d0 130 4170 108 5440 8e 2830
_ H = Q.05 B = 0,03 k= 00,0808 H = 0.,0314 H= 0,0514 H = 0.0814
0.05 102 2040 137 2740 218 4580 2e8 &500 228 4560 180 600
0.075 185 2470 28¢ 3850 463 6170 éﬁa 7140 383 B250 300 4000
0.1 3be B620 53¢ &390 715 7150 762 7620 5438 5430 400 4000
0.15 T44 4H60 YRy 8180 1100 TE3K 1084 7220 717 4780 523 3480
O.2 1046 8230 1230 6150 1370 68L0 12686 5540 886 4120 878 2900
Q.25 1330 5320 1450 S800 1560 6250 los8 L8560 200 3800 824 2480
03 14492 4880 1850 5500 17067 56%0 1450 4970 860 5179 - -
0.35 1700 4880 1850 5220 1824 6210 1560 4450 - o —
O.4 1858 4645 1820 4800 1316 4760 1630 4075 1028 2579 -
0.6 2060 4120 2110 4220 2050 4100 1720 5440 1076 2150 ?30 1520
0.6 2256 &760 £260 ST 2160 S430 170 2870 - —-— - o
0.7 2377 356 23560 370 2870 S240 1240 24630 1160 1546 810 1080
H = 0,78 E = 0,76
0.8 400 2110 2480 $100 2580 2940 1880 2850 -~ —— - -
0.8 2577 2880 2540 2820 2410 2680 - - - - — —
1 268 2685 2630 2630 2470 2470 1540 1240 1217 217 845 8245
1.5 - e 2880 120 2650 1770 2060 1370 1295 863 - -—
£ 185 1LED SU60 15628 2760 13580 2120 1060 o — - -
B.& - — -— - 2830 1130 2160 1370 1280 560 988 3986
. - - 5240 1080 PAZY Y o867 - - - — - ——
4 - - 35S0 858 2830 T2 - - L - - -—
S 3660 712 So80 665 2650 588 =280 456 15060 300 1080 240
7.5 — == 3460 462 3010 408 - - —— - - —
10 <810 S8l 3480 549 S060 S06 £400 £40 1612 161 1850 125
20 w880 le4 3520 176 w110 1565 =490 ied 17354 87 1400 70
S0 Se10 130 3550 118 3130 104 2450 85 1718 89 1450 48

# ahere velues of bk do not corresyoud to those _lven in the {lrst colusn, they
ere ;obed unuwer tihe [liures for L osrne AN,
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Table 26. &Haxiomm lercestlilitlies.

w&%ﬁwwmﬁsam : “eximum t ileld for MUpgx,
_ BR : sermeebllity n%vxé)ﬁﬁﬁ.

© g : SA GpX. b oercteds

31 $SEQ Oe24

S 6200 Q.17

1 TEEQ Jedd

21 T80 Jedid

111 5400 0,10

121 430 .06

e ihersoelectric.

1. The dets of ordered snd disordered Rigin vs.
eluxel wee tsken spelnst & hatlonal Surssu ol Jtenderds Stend-
- ard thermoeleciric ssumple 118 alumel, whose celibrstion sgsinst
hatiowal ocwuwresv of Ltanderds platinum stawderd it 27, is
given in the following teble. Cold Junction st 0° o,

Table £7. Electromotive Force of Alunel «
Ft 87 ve, Tempersture.

Leprees : internetional

Centizrsde 3 willivolts
G 0. 00

28 - US4
100 - 129
&00 -4 16
@09 lvw * mmqw
400 ~35.61
800 -4.41
600 ~5426
mae -7 . o7
%00 T B0
1100 ~G 50
1200 ~10.856

13500 -11,08
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2. Lisordered Hi=in vs. Alumel. BE wilre, 23.8x

mny in the cold drawn non-mepnetic condltion, Avers:e rate
of heating to 5309 ¢ wes £.4% ¢ per minute, Cold Junction
et Qﬁ “a

Tevle 2¢, Lisordered £3,25 #n Alloy egainst Alumel,
Thermoeleciric rforce va. Temperature.®

segrees t . internstional
Centlcrade : Killivolts
5048 Ca61
64,0 1.18
60.8 1,31
T8.2 l1.61
10£.0 2.16
158.,0 L6860
180,00 403
170.4 SGedd
201,0 Se87
251.0 4,40
262.0 4,98
S02.6 .71
SED.L Gell
S4P 40 s 58
567 .6 .85
S65.86 T 58
418.2 el
458 .4 Be3G
465.8 2491
488,43 .42
B0E.S $.T71
516.0 10,00
BR3,0 10,14
533.4 10.40

Thermoeleotric lorce, disordered through o
ordering, st about 5000 ¢ = (,00886 mv, per e

# Temperstures considered precise to 0,59 ¢,
and millivoltages to 0,07 mv,.
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Ga 80.84 vn nlloy Urdered by Jery Llow Gooling

“ange vs. Alumel, She tloe teken to cool rom SIE2R U to

300° ¢ was 168 hours, or en sversge rete of cooling of 1,580

per hour, Cold junction st 09 ¢,

Teble £9, Urdered £3.&4 ¥n Alloy syeinst Alumel,
rlectromotlive Force 3, Teupersture,

Legrees : internsiional i Legrees 1 Internstionsld
Centiyrede @ 33i1lldvolts : Centiprsde : Hillivolte
632.0 10,36 308.6 L,00
82642 10.24 G00. 0 4.4
52l.2 10,13 E9led 4,79
81543 10,00 £81.6 463
L11.6 G L0 271.6 4eds
S00,9 G478 26847 4.31
487.1 g.00 2817 4.12
457 06 P00 24241 Se 87
48l1.5 GelB CE2eD SeED
4GP0 e & e 04 LEL.4 3469
466,56 GeB% 2le.l Se 02
48065 Ge.'74 20e,2 e B8
461 G.82 l62.2 D83
455,0 Bed7 181.8 S 06
44849 84,30 166.4 .80
445,0 8.16 lév.2 £,76
430,9 T84 148B4% 2,440
428 .9 T8 15742 £.45
4litex 7o 4% 12,0 Ee2H
410.8 7230 1l2.6 2404
402,86 710 996 1,886
SPGB Cavd 8740 1,68
S88.8 6,78 T4l 1,40
SBLew 6.60 67.4 1,27
6l 6,15 B4,V 1,08
SR a7 we b8 46.0 De.0&
s .S Se.81 GO O.86
SEG # B S.869 38,8 0,76
&ﬁﬁ;& 5:}.&“0 glng mnﬁb

o

Salel Dewd
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4, Lirference Late vetucsen lLlgordersd c:0 Drdepred

EEeRir Kn L1love

Table 30, Imf, Lifference vs, Temperasture,

regrees : iscoprderod : Yrdered

~entl.rade 21 : & : &
300 5.60 4,96 0.69
310 Ca B3 ST X 0,70
320 G0l De OB 0.69
S0 6,20 Seb1 U.69
&40 6440 S.72 0.68
S00 6460 DeGD 0,67
60 G800 6,1 0.86%7
- 370 7.00 6,34 0.66
SB0 7«20 6,57 0.68
390 7o 39 8480 0.68
400 .58 Ta04 0,54
410 778 T 29 0.4%
420 oG8 7« 56 0«40
450 GedE 785 0e33
455 PR3] 8,01 0,27
440 Baow 8410 O.29
450 Be09 B33 Q.26
460 8480 B.50 0.21
470 2.01 B.89 0.12
480 T2 G417 0.086
490 .42 @.42 0.00
500 Pe64 Yeb4 0,00
610 280 G.86 0.00
520 10,08 1G.08 0,00

Le Calculatlions of rermeebility from Inductance-iesistivity

Lata.

lo i»gmﬁién.

pos K (Lmley
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e

Ze Letsrminction of Congtant, X.

&, irom experimentsl dsta on non-me_netic rods
(e

reguency = 46,800 cycles

K

Area of soclenold = 0,757 om.
incuctence of sgolencid
{1} Hessursd, Lz 112.8 «h
(2) ¢amleulstion from lagacka's
formule, L = 116,86 Ah
formule!

0151=R1 (117 g)
©.1517

L

< =

Hote: L—, measured, wes used becasuse the guantlty
( L. .-Lo is & differverce, and any abaso-
lute error will be eliminated.

Teble 31, Evslustlion of Constent Laing lone-isgnetic Lods,

; desls~ : lnducte !
. R e b _bivity : Hedius ances H .
hon=kagnetlc Hods : 5y . = T T | A
fon o § Cie 1+ M1 a3
w=Sd: B En, S7L Cu 176,82 0,533 1087 60,7 e QLD

E-26:1 72,80 hn,d7.5% u 151,  0,3228 108.0 64.0 0.080
A=84: 40, mn, éﬁﬁ ﬁi,

20k < 142,.8 0,338 106,28 D9.4 Q.077
H=256t $0n Mﬁ, S En,

Hx Cu 146.6 (8 P11 10,0 60,2 0.068
H-20: 50p Hn, bi AY,

454 Fe 121.9 0,335 10847 60.6 0,072




D

Note:

from theoreticsl @ﬂ:mwwam

K=+ A mowu 5033 Lo v

gh A o157 v
= mowux,.wm

) Osx_a

the inductance used here ils thsat calcu~-
lated from the dimensions cnd winding
of the solenoid by lageoke's formula,
at £ = 46,500
K= 1,69 x 10"6 x 46,500

s 0,0785

Se Csleculatlion of Yermeabllities.

(1} Bod: 63 (21l.5% ¥n) 168 hours at
415-420° C.

(2) Inductance measured at 46,500 cycles
and & maximum fleld, Lpgy ., of about
0.7% oersted,

(&) Lemte end csleuletion:

L = 0,767 - 0,358 x 112.8

¢ MUQ ﬁfaq

= 59,4 Mh, = 0,337 G-

Table 32, Celculstion of FYermeablilities from
Inductence Latae
Temperature: Inductences HeBistivitys ...\ )2 ' Fermeability
T T U : $ :\_wrv / 1exp, const. ttih, const,
Sk ! Py fann S end 59 P A : /A
20 1290 83.0 25400 1910 2000
40 1540 S4%e s <7200 2040 <140
60 1360 56.0 26800 2010 2100
8O 1310 ola3 24200 820 1600
100 1230 58.5 21200 1860 1670
120 1130 60,0 17000 1270 1540
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4, Lompaurison of HResults with i. C. Results.

The bellistic dets which comes closgest to the condlitlons
¥olding for 63 in the slove caleculastions sre tiose of B3l
(«l.4% ¥n), 50 hours st 43090 + 170 hours =t 405 U, Figure
28 shows the permesbility at 0.76 oerrted found for the gl-
loy =t temperstures from 72° to 1159 C.

Teble &5. FPermesvilities from ellistic Dats
for Comparison

“Tempersture: {ermeAbility

¢y H at 0,75 ce,
Vo H AA

20 2740%

40 28610

&3 2780

&0 2020

i00 2120

120 1700

#rrata: FPlgpure 47 1ncorrectly
shows this polnt e
2350,

o Varistion of Inductence snd wlifectlive liezistsnce with

Magnetizine Kield,

1, ipecimen rod: w63 (21.54 Kn) 64 hours st

4£5-430° C,
£. #requency *® £0,000 cycles.
Ge Mield esgustion:
Hz 2T 1 (cen 8, - ces 9)
= 2TT><—}%;; (0.995 to0.995) 1

T 44,8 1 ocrsteds et center
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4. iota,

Tsble 4. veristion of L enc fe with k., F. Field.
Vacuum : : T 1 Lifective
eﬁhﬁ;«%&gfg?ﬁi_? f {,?;;iw ; }*iei& : lnﬁuiiﬁxwe : ﬁaséztam
T Ml e T ma, ’:""jitsﬁ% ;.!_“ 73 A S i obma
4o 6ot 0430 o24 408
547 8ol 037 959 412
6e1 11,0 0.40 556 4c9
8.0 4.1 0480 679 456
10,0 14.1 0.63 854 484
11.0 1647 0,76 96 510
18,5 17.7 0,80 1000 519
14.5 20,5 0.95 1007 536
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IXe LIGCULBIUE

Ly die Yemperebiule iuns.

e nepnetlic jroverties 8i0wn DY nmaasucscents
of tie Iipductence of & sulenolid with o forromagnetic core
were in the presoent ca2e lioited Dy toe feet that tue mexi-~
wwe velue of the elternsting field wro Lold corctant,. The
complox nature of pormeabilitles ot constent ields versus
temperature is shown by tis curves in Flygures 28 and 44,
wizdel wore derived from tallistic mepnetic date, This com-
plexity 1s particularly ths cese at tiis low fields of less
than 1 coersted, wiich were the nagnitude of flelds gener-
sted by bthe solenold, lence, only & limited picture of the
gof't mesnetie properties of the core material may Le obe
tained from inductonce~tempersture meemsurements.

it waes Indiecrted in the theory of Section 11l A
and experimentally demonsatreted in the results of Lection
YIiill & thet perwesbilitics pey be crleulsted from inductencew
vregilativity data. henoce, when the inductence las mentloned
in the following, 1t can be teken s & meansure of the pepr=-
peability, beling proportioncl Lo the squore »oot of the
permesaLility, snd capable of heing caloulatad by the eguaw
tvione of wection V1il E.

fure ferroms uctlc metals, se distinguished
From ferromspnobtic slloye, exhiibit » normal vehavior of

rermcecility versus teuperature, wilch lg well 1llustrsted
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by the resulis tor electrolytic nickel in rigure 13, Here,
industence is viotted versus tempereture, The Inductsnce
ineprongss sently with teupereture uniil tempersturcs epe
roseuing the Curle point ere rovched. /8 the Curle reing
45 aprroscked tihe Inducionice Inerosnsen slergly Lo oo oenle
mum, end fells practlicslly vertieslly o e consient value
gorrespondin,; to the nonemrinetic induetance velune,

Also plotted in Floure 13 svre the roclagtivitye
tenreranture dote and the effective resletence-tanjorsturs
dnte of the nilclkel rod sypeclumen snd tie golencold wlth nickw
el core on belng hested., [t has Leen stnted In dectlon
ITI A thet the cifective resistance »ng a measwo of the
hsteresis and eddy current losses In the core ylus the
losses in the sclepold wikding itseli. -t s revsonuils
that tihie courss of the effective resistsnce-iaen) ereiure
curve should follow the coursze ¢f the lpductsrcestenpera-
ture curve, s seen in Vigure 183. This is becsune tie
sres of Lthe hysteresis loor trsced wut by the high {roe
quency fleld will probably ineresse as the yeprsmerbilisy

increceses, the coerclive fovree will not cienge much, ernd

bmax, will incrense since prouglldy = %ﬁﬁ&m e« TFhus, it
8x,

ie zeern in Figpuwe 18 thet the coffective repleteree Lolluns
feirly well the cource ¢f Inductapce, even siowing {ile
sherp ineresse Just bLelore Lie Curie polint. The ineresse
of Hg after the arop st the Curie polnt isg duve to the il
tenrersture coelflcdient of roegistonce o0 the plestinug wind-

ing of the szolenold, The reslstivity of nickel we cioun

!'.'2



136
in Figure 13 illustrstes the well known experlmentsl facts
thet thue tenjereture coelficlent s high end there is a
slighit isconatinulity ¢t the Curie polint.

L the polnt of meaxlimum slope of the permeadii-
ity lor inductence) curve versus tanmpersbture werse Lalon os
the Curie point of nlickel, the velue of &) from Fi_urs 13
woulid be 3B8% U, sut, =8 heas been stated Lefore, lie more
old~fasniconed notlion ol telzing the Lurile point et couplets
non-ma netisn hes been used in tids wori, wuc tie wlue
taken was S08° O,

Tempervture doate on an opdersd nickel-mangunese
elloy are shown in sigure 14, The siloy, «&3 (<l.b: Ln),
ane & composition on the nickelerich side 0f the tihsoretical
superlattice (23,782 Un). Evidence that it Les bLecome opre
cered by the hest trestment of 166 bours st 4159-480°9 ¢ is
viven by tne low elestrical resictiviiy st room tenjperature
of 55,06 x 10°% ohms per om® over ity jre-trestment resise
tivivy of 80.0 = 1&”6, andg Ly the fact tiat 1t wes lerro-
magnetle elter trestoent end mwon-megnetlic Lelore, LSoth the
inductance snd the effective resisteance curves show bhet it
lg poesivle to completely destroy tie ordered stote by hente
inp to & suificiently nich tempersture, 5306° U in thiz case.
The obseyvelbion of the temperesture diiliereige between the
surle polnt end the criticel ordering temperesture, wiilech was

%

brousnt out Ly ¥, Thompoon (B) smd baye end Hekevema (3),
wt8 chiecked ULy the dete in Figure 14t The ordered siste

wes estoblished by prolonged snnealing at 4159-420°0 (,
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end yet the Curle polnt for the slloy in this condition was
et ¢ lowcr tempersture, £20° ¢, The course of the cooling
curves of L end He, which ere charscteristic of the alloy
heated to 535° (¢, follows the portion of the hestlin: curve
ef the snnesled alloy Leyond the {urie polint, estsblishing
et the s&lloy lies boecome non-megnetic, The sjprosch of
the slloy to the (urie point, &s suown Ly the L. end Re
curves of rigure 14, ig¢ gradusl comyered to the approsch
of nickel, as sbown Ly the same curves in Filgure 18, The
reeiastivity curves in risrure 14 siow thet tihe reslistlvity
of tre ordersd slloy is lower then that ol the disordered
alloy at tem:erstures bDelow the Curle polint, asnd that the
disordered stete {eooling curve) follows the course of the
oprdered state (heatln: curve) above the Lurie point,
Flgure 1o glives heating dats oy on ordered elw
loy of higher mengonese content, 461 (24.4% n), on the
men anvae=rich side of the theoreticel superlettice. 4nw
nealing 8 hours st 210-41869 ¢ wne sulflclent to well
ordeyr the slloy, #s iz shown Ly the low roox temperature
resistivity of Bl.,0&2 =x 10~% omms jtd em®. The initisl
Inductence wees guite low, compsred to the ordered 21.54
vn slloy, but 1t picked up st higher temperstures, snd ex=-
tended over a lerger temrersbturs renge o e Lurle point of
460° ¢, This velue of the Curie point iz tihe one . iven LY
Thompeon (£). fThe pesk onu Gip in Ke at and after 1300 ¢

hes no particular sirnillcence othor then 1t iz the



consequence of g followiny tae anuWVﬁ wihickh showed a patier
sharp peak ot 130° C; ss hes veern wentivned, Hg, inclesting
magnetic lossen, follows L., which ip & messure ol perme=
stllity. The electricel resistivity curve started leveling
eff at the Curie point, in pirsenent wilith Keye snd Nekeyenn's
work (&). The hesting of this alloy wes token just to the
curie point; no data were taken on cooling.

The fect that the ordered stete ol these wlloys
iz 1little ewiflected Ly hesbtin; to, but not beyound, the (urie
point, lis 1llustreted by Jlgure 106, which ,ives dsia on
hesting end cooling tie (61 elloy al'ter Leing cooled from
the preceding run, Cigure 1l&, The curves in iigure 16 are
very sinmllsr in shepe o those in rigure 106, indiceting that
the stete of order weeg ot silected much Ly the previous run
to the Lurie point, s reault quite viiferent from thst saown
in Pipure 14, where the slloy wes hested sbove Lhe ordering
ran;e end wss omede non-megnetie ms 8 consequence. Close ex-
sloation of rigure 16 shows Jdifferencges Irom ripure 10,
Tre Curie point iz lower, 430° ¢ instesd oi 460° ¢, =nc the
room bempersture resistivity is Ligher, 04.09 x 10°Y ine
stesd of 51,08 x 1078, This Indlcctes tentatively thet the
stete of order which resulted from sn snnsaling of %6 hours
a6t 410-41869 , given numerlcel wessure Ly & rous tempersture
resletivity of jl) = U1l.0% x 1%”&, was lowered by hesbing
to 464° {, tecause now _f T 654,00 x 108, This obzervetion

o

thet the state of order cen e lowered Ly heetlng bto higher

tempereture in the orderiny renge, resulting in lower Curie
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yoints, is borne out Ly sulseqguernt ceta. This idea is op-
posed to the concluslon of Thompson (£), who stetes .., the
criticel tempersture for the ordering jrocess iz svout 51 C,
wuenching effscted frow atove thils tempersture yressrves the
¢lsorder snd tue jeramsgnetic state. ocelow 1%, the degree
of order and, corresponcingly the ssturstion magnetizatlon
et room tepperature, Iirncresgse as the amnesling tempersture
is reduced, but for all stetes of order the Curle ;oint is
in the neizhborhood of 460° C," bBowever, Thompson's conclue
sion scove hed relerence to slloys put into order-disorder
eqguilibriw: before veing guenched to room temlersture, while
the conclusion srrived st from tue jresent dets spplies to
non-sguilivrive, lower degrees of order brought sbout by
momentery reheating to higher temperstures in the ordering
ran; e, Also in Figure 16, it will be seen that there is
very 1little differsnce in the (Uurle points end in the re~
sdativitias op heating and coolin., rrincipally Lecsuse the
slloy wes ested to Just psst the vurie point, and not as
bizh as in the previous run, The shsves of the L ana Hg
curves on hesting end coolin. are sil htly ¢ifllerent, but
thisg ocould ensily hove been the result of small differences
in the meynitude of the high frequency current, bLeocauss of
the sensitive resyonse of Inductence to meynetizing fileld in
thevse slloys. Also the resistivities on heeating snd cooling
were the ssxe, and 4dild not clverge at the Curie point, as

they c¢o when the slloys sre heated hicher,
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The type of rune discussed for Bl (84.44 “n) in
Figures 15 snd 16 sre given in Figures 17 and 18 for .63
{€1eBr Kn), Here 1t can be seen that the ordered sirvcture
iz very little affected by nesating to 428° {y, since the
curves are the gzeme in the two f{ivures. Heating the sexe
z1loy to 5382 ¢ mede it non-megnetic, a&s wes shown in
Fizure 1l4. Heating to 428° ¢, a temperature slihtly
_renter then the snnesling tempersture 410-415° ¢, evi-
aently ¢id not lower the degres of order, end perbhans mey
Lave increzsed 1t =2ligzhtly because Jz after heatin: to 4220 C
was 59.82 x 1078 and bterore was 60,32 x 1078, The cooling
curves in Migure 18 1lndleste thet the degree of order of the
elloy wmisht heove been lowered Ly hkeating to 482° ¢ during
tie yun, Cecsuse Lﬁ and ilg on cooling lag ed Lehlnd the heat~-
ing curves, the lurile point ol the cooling curvees being 8700 (
while that of the hesting curves is 300° C.

dore coneclusive evidence un the suove polnte sre

Lo Yiguares 1%, 20, snd £l, which _live date for three

¢ Jve
glloye .67 (21,54 ¥n), (62 (£Z.8. ¥n) =2nd (61 (24.4, ¥n),
annecled 87 hours st 485-430° (. This date wae teoken on
being heeted to and cooled from 480-490° ¢, & teugpersture
cuits clove to the criticel ordering tempersture. The re-
elebivity vels siows thet tie degree ol corder was lowered
by kecting the ordered slloys to thesso temyperstures, fThe
L_ and g cupves suow tust Lbe Curle points have neen
jowered ctongliderstly by lesting to trese teuperstures. 7The
Carde point deta teken from i ures 19, 80 snd 21 (zee

iPeble 7) wesas
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Gurie point siter enisaling Sk
Curie point efter neating to 4869 ( 180° ¢
wWBE (de.2/7 n)
Curie point after ernealing 360° ¢
Curie point sfter hesting to 48g° ¢ 280° ¢
W6l (R4.4, an)

Curie point after anncaeling 440° C

vurie point after heating to 480° ¢ 430° ¢
e curves, marked L_-cooling end Heg-=cooling, were revers-
ible cherecteristics of the alloys in thelr lower degree of
order, anc could ve foullowed on hesting end coolling without
chiange in magnitude or sheye} Iln fact, the lower temperature
date, below 100° ¢, were determined by heeting the slloys from
room tempereture con the dey following the run beceuse the
fuwrnaece cooled so slowly «t these low temperstures., The be~
Lavior was defllinitely not tempersture hysteresis yhenomenon
such me is shown by iron-carbon ailloys, Hopkinson's irone
nickel slloy (30, Fe), and some others rentiocned by . F.
wall (20) and other authors. 4 striking sspect of the re-
sults for the present alloys in tie sli htly disordersd con-
dition produced by the moumentary heatling to high temperature
is the fsct thwet the inductances rilse to gulite hiigh values
at low tempersturcs even toough the Curle point was lowered
B0 markedly; this is perticulerly true ror 465 (21.5% Hn) as
shown in rigure 1l9. Also the iInductance and effective re-
slatance of the slightly disordered slloys show & smooth

varistion wlth tempereture, while the annealed alloys show
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& c¢haractoristic ciscontlinuous variatlon. Also, tue roesis-
tivity on cooding dliverged frum that on nealling ard the
break in the curve on besabing ocourred aubt suvut Lthe Lurle
yoint., ‘the rect tiet Lhe resistivity curves have ueviated
so merkedly even though the elloys sre still epprecisily
ordered indicetes thst such devistion iz 1o prool of com=
;lete disordering.

it 1s evident thatl trestment et temperstures high
in the ordering renge nse & potent effect on the msgnetle
rroyertica., Lo fer, <ata hkeve veen discussed on slloys which
heve Leen ermesled at relatively low ordering temperstures
or which, after such simealin;, have Leen hested momentsrily
to hilgh ordering temperetures., Yie effect of rrolonged an~

1 ordering temperaturces on L—, igp wnU Jj is

nealing at hig
shown in Flgures 22 end &Y. The depree of order hers Leen
lowered undoubtedly by the Ligh tempersture treatment, but
the striking fenture of tue data is tue low values of lnduse
tence ettained. 463 (21.54 idn) wes scarcely ferromagnetie
efter jrolonged snnealing st 460-470° U, (02 {€5.84 #¥n),

elso on bhe nickelwrich side of the superlsttice, showed

very low Inductences over bhe entlire Lestlng renge, cul 1%

is interesting to note thel 1te Curlie point wes 28 kish es

it ever wes in the low tenpersture snneslln;, 61 (84.4% Mn),
on the wman.ancse~rich ride, showed Iun i ure &6 lower induce
tenes veluee then 1n tue previous ennesls et lowsr tenpora~
tures, vul reletively iLilgher valuee than tist showed Ly the

two slloys cn the nickel-rich side; tiue Curie point, 410° ¢,
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woe lowor then when snneanled st lower temperstures (Figures
16 asnd £1) or lower then whern after these enuveals 1t was bested
to 454° ¢, wut Lt wee nigher then when it wes Leated to 4u0Y U
(see Fipure 1),

~ince sypavrently, nisher Inductance values sre Obe
talred by emnealing at low ordeying temperasturss, about 4009«
420° ¢, where acuording to theory and experiment nRisher de-
creess of order are attesined, an attemrt to put the alloys in
g8 hizh a degree of order ss pessible Ly low temperaturs ane-
nealing wes made. According to Kaye and Nekeysme (3) the
only way to stisln equilibrium degrees of order st sny rar=-
tioculer temperature is by extremely slow retes of cooling
through the ordering renge from 600° ¢ to the temperature,
and thet below 300° C no further alteration in the degrece of
order cen ve made Ly continued srnesaling. Thelr procedure
was not followed exmpctly, &g may be seen in Teble b for
plpures <4, 25, snd 263 a discontinucus rate of cooling was
employed, whereby the elloys were plven 16 hours at 4400-
4459 ¢, cooled to 420 C anc kept there 6 hours, cooled
to 366° ¢ end kept thers 48 hours, cooled to 354° ¢ wnd
kept there 40 hours., The results of this snnesl sre shown
in Figures 24, 25 snd 26. 1t can be seen that (B3 (21.45
in) and w62 (3.8, ¥n) stteined feirly nizh inductence
velues, bubt that W6l (4.4~ Mn) had guite low incuctances.
Thie Indicates thet the temperatures &t which the longer ane
nealling took plece wes too low for «bl, vut suificlently
high for G6d end (62 In orvder ifor the order-disorder trans-
formation to take rlsce to & reasonable extent. LEvidently

the terrersture range in winlch thie rete of trensfornetion
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is suwitliciently nigh Lo promote ¢ Gepree ol order appreci-
atly close to tie squilivrlum velue is nionest for (61
(24,45 hn), lover for «BE (.80 én}, nnd lowest or 63
(1o in)e Whie obscrvetlon is not checked vy reye and
nekeyame's resulbs as soown in rigure o6, the ecurve of T
V&e AN, where the uizbher man snese sliloys ere seen to have
lower criticel ordering temperaturos.

the snepes of the lncuctance ond effective resiste
snce curves are quite cnesrscteristlie {or cmceh alloy. Thus
for «8&, in & well ordered concition, thoere is e seximum in
Inductunce st sbout room tewmpersture, wonich 1l followed Ly
& {all with rising temperstures, a leveliny off, srd & sec-
ond fall to toe Curie point.e the inductsnce of 61 in tue
well ordered stcte hes quite low vealues st room temperstures,
rises reyialy to & pesk, lells aligbtly, levels oill, snd tihen
falls sherply to the (urie point, The incuctsnce curves on
neeting the well ordered alloys womeniterily st tenmperstures
pizh in tne orderin: ranze are gulte cherscterizstic, too,
ehowing & swoolhl snd continuous vearlstion withh temjeratureg
these curves are steepest for the niober nickel contsnt ale
loys. Jfttention is slso arswn (o the tyre of curves found
for the slloys enncesled st Ligh ordering temjerstures, as
snown in Flgures 28 mnd 23.

it is velieved that tiie exposure of the rods to
oxication enu silice contexinestion menticonsd in Table & for
cigures 1L, 17 and <0 haed & deletericus eifect on the in-
ductences found, vecause .83 (£1.,b,4 wn) never ag.oin showed

guite s Ligh lnduwetance velues sg 1t ¢ld in the r™un stown
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in Vigure l4é, which wes made belore the sunealln, micshap
Gecurred.

o cowparing the Jurle polnts of the well ordered
glloys, & shown In Teble 7, with those lcund Ly previous
investi, ators, Leye end Fusgemenn (1) =nd d, Thompson {2,
{soe vigure E¢), enc Lleys sod hekeysma (9) (see Figure 36),
it wiidi Le sean Lihal the Curie points in the present Iine
vestigation checked uweast with those of Leys ond lskayooe,

&8 shown in theiy curve werked T;'%.,

Be Hermebization snd tysteresis of Hickelwianisnese SHiloys.

fixtensive data wes tmken on B3l (£1.4% &n) in &
feirly well ordered condition, becsusze the tenmpereture runs
had indicated that the elloy of this composition, W63 (21,5
n}), had its weximum in soft megnetlie properties st about
room tempersture. Tables ¥ to 1l sre masgnetization results
and Tebles 1z %o 14 are hysteresls results for the alloy
when put into the ordered stcte by annealing 50 houre st
4300 ¢ followed by 170 hours at 408° ¢, rigure 27 wus
rlotted from velues in Tebles ¥ and 10, ané shows the
styong dependence of permeslility st low [lelds {(less than
1l o8.) on tempersture, it will De seen that these perme-
ability curves were shilted up snd to the left snd then
down snd to the lelt vith increasing temperature from =T72° C.
to 118% ¢, tnother wey of plotting the dets in Tables § and
10 ie shown in Figure 28, Iin which the permesbility &t cone
gtant fisld 1g plotted versus temjersiure, These curves

sre the Jdirect current eguivelent of the nilpgh freguency
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inductence curves alresdy discussed. The data {or the Ligher
fields gre shiown in Figure £2¢ in thne {orm of i curves {op
thie various temperstures, deve g ein the strong derendence

of mesnetie induction on tenpersture 1 apporent. The repid
ceoresse of inductlon with tempersature ls indicetive that

the Curie point 1s Leling spprosched, sitnough the tenpersture-
Inductence date shwow thet 1t will not e reschied until 2809~
3009 ¢, Comperison of these results for this perticular en-
nesl witih the progerties of common s0lt megnetic netvterisls
{86) soows that wnusually kish irduetions at low Plelds have
neen sttesined. These inductions ere Lijher then thosge of
comnon eloctric sheet, silicon trensformer sieet, Armeco lron,
ste., Dubt lower thsn the speciasl slloys, perzealloy and hiperw
nil, snd veouum lused, hydrosen jpurified iron. The lrnductlons
st hi lier [lelds sre cosmpsrsatively low, however.

Hystereosls Ceta on the ordered B3l allov, lor which
the msopetizsatlon results were dilscussed svove, sre shown in
Fisvree &0 to Oha  The soflt warnetle croperties sre [urther
illustreted by the low coercive Jorces shwown., NLvsteresis
snte were teaken ot temperature frop =72%tc 118° ¢ in order
to poke 8 ooore nsomylete rvicture of too o netic 1rorerties
of £t least onc of thare ordeved cllove. The suunery of the
date, In Tlovre 35, showe thot the ronenence, LUgp, fells wlith
incressing terrereture, sg (oes thie normeal inuuetion st 30
nergteds, bap, bubt at n less rerlid rate. Also thez ccercive

foree falls with increcalss temrersturs, beluy the low value
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of (.25 oersted &t room temperature &nd the still lower
veliue of 0.12 ¢t 118% U, ULnfortunetely, sll of the date
was nob beken fouy & maxloum [leld of 30 oersteds. Thus
sone of the dete ilatad in Jable 14 1s not siwen in Figjure
SO

s pegond rluog of bue seme composition se thet of
Ll wes ennceled nlong with it. iate teken on this spegie
sen closely chocked bast of UL, snd were wpot included in
the resulte,

It wae thoupht thet repid cooling from the orvder=
ing renge would isprove the magnetiec softnese of the ordersd
slloy. ‘The ordering hest trestment of the alloy <lscussed
gbove wag concliuded by slow furnsce cooling In vecwuum, After
the messuropents were mede on it in this condition, it was
rehectod to 458° C end repidly cooled on & heavy copper plete.
Thwe normel megnctization and hystereels resultes ot roonm teme
persture ifor tixis alloy sre shown in Tevlies 16 snd 17. 'The
fact tist toe magnetic properties have pot veen apireciably
chan ed any be verified by compsring the results with those
oL Yebles 9 enc 12,

it wee toought frum the Ligh frequency dets on
LO0 in Figure ly that & cooling tnrouyh the opderln: range
of 8¢ ¢ per mimate would result in the type of rermeablility
versus temypersture curve indicsted In thet i ure. Later
considerations brougnt out thet the lmportant fesctor in
bringling about this result was the tempersture to wihich

the ordersd elloy is Leeted, since the deslired proyertles
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depend on e slisht dlsordering of & well ordered structure,
instead of & complete Lulldiong wup ol an ordered structure Ly
cooling throuph thie ronge, The very Jeeble me; vetic stute
of the specimen after being rebeanted to 660° € snd cooled et
2° ¢ per minute is . dven In Tuble 17. The imduction wes only
b2 peuss et 30 cersteds, or & megnetizetion, 4TI, of &&.
~a8ts on an ordered alloy of nighier man onese coOn-

by Tebles 18 and

P

tent then aeoe yet Leen dlscussed lg sliown.
19 and in Pigure 34. The elloy, BRl1 {(.5.34 Mn), on the nen-
genese-rich side of tiae superlattice {20.8.+ lin), waes annealed
118 hours et 4400 ¢, The normsl msgnetizotion results shown
are guite different Irom those of u2l (21l.445 ¥n), belng much
harder me metically. The permesbilitlies are low snd reach
g paximun of 186 at 2 ocerstedsi the induction st 30 cersteds
is 20803 snd the coercive force is 4.9 versteds., This obe-
servetlon thet 1.55 kn above lUlxhn tihe well ordered elloy
is guite herd pegneticelly end 2.4 %n below Lizkin the well
crdered slloy ls vory coft ssgneticelly is worth stressing.
#ll {20.1s in) bed zore nlekel In it than sny other
ol tie slloys ilnvestigated, except L1k, which, of course, had
tiie same comjpovltiorn since tuey were wachined Irom the same
Flates These alloys bed ewugh nickel In thenm to be ferro-
magreblic without hest trestment. In order (o be sure that
the perfoctly rendom stote was ferromecnetic, D11 (20.1% #n)
was hoeted to $509 U snd slr-guenched to room tempersture;

Teble 20 shows the (erromspnetism to be weak, liowever, the



cther specimer of thils cowmposition, LlZ, dld not recelive
thise ul.h tempersture trestment, and 1ts conelvtently
roorer megnetic ipropertlies, ns shown by date to be cls~
cusaed, iz believed to Le due to tihiis difference in hLeat
traectoient,

The snnesl of 72 hours st 4850° C on 311, B1Z2 (20;1&
wn}), o2 (20,35 un) and b3l (2l.44 “n) is st a temperature
felrly ni:h in the ovdering rsasng.e, at lesast ss far ss the
rickel-rich slloys ure concerned. The normel megnetiza-
tion data on &1l shows thot only e feeble lerromagnetism
Ies beoen attslned, very simliler in megnitude to thet In
Teble 17 for the serme zlloy cooled frowm 650° C at 2° C per
minute, Yet the slloys on tuae two sides of 1Sl developed
sypreciable ferromagnetism., Thils was expocted for the hlgh
menyganese slloy, okZ, {rom previous hLigh frequency dats, uut
thie appreclable ferromsgnetism of the £0.1x &n alloys, 511
end 12, must principslly be due to ite normal slight ferro-
me . netianm becomlng sreatly enhanced by the sllghit superlat-
tice fuormstlion., The meionetization end bhysteresis date ere
rlotted in »igpures 36, 36, O7 end O8. it is seen that B11,
tie olloy which nsd the high tempersture pree-trsetment, had
much Detter solt me netle iropertlies than L1Z, not pre-
treated. Thus, s 1s recorded in toe resulis:

secdmun porrceablility:

1211, pre-tresated at GHOO C 8540 at 0,4 ce,.

ld, no pre~trcetient 525 a8t 0,7 oce.
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211, pre-treated at $50° 0.46 ve,
#¥12, no pre-treatment 0.57 oe.

These properties are not particularly high, as fer
gs soft meinetle jropertlies go, but they show the relative
effect of 8 high temperasture pre~treatment. The fect thet
their soft me;netic propertios sre relstlvely poor is Iur-
ther evidence for the contentlion thut elloys ordered at
high temperatures in tihe ordering renge have poorer soft
megnetie propertles then those ordersd st low temperaturos.
B22, & hiyh mengenese alloy of 28,3y ln, developed heard mege
netle rroperties from the snnesl; the dete sre shown in
Tebles 21 and 22 end in Figures &6 snd 58, The ordering
tempersture was not relatively es kilgh for the 2.3+ én
elloy & 1t wes for the slloys lower in mangunese, becsus
the ordering renge of the 25,57 in elloy is probsably higher,
The Ligh recguengy resulte slso indiceste this. From this
it apresrs that the critlcel ordering bexperatures incroase
with: “n content, Keya and Nekayema concur with this but
Ne Thompson doesn't,

i slow cooling msde up of intermlttent ennmsals to
350° ¢ on wBd, Wb, end LBl rods resulted in bigh inductsnces
for the rickel=rich ealloys asnd low inductances in the nangenese
riech slloy, as wes previously discussed. 4An eculvalent suneal
on tihe ring speclmens Hli, $EZ2, snd 331 wes carrisd out (see

Hesults, ¢ 1, for deteile)., The results of the room temperature
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measurements are lven in Teblee 20 snd 24 snud in Ploures
Sy, 40, 41 end 42, The muet striking festure of tie data
gre the unusuelly o3k roscesbillities of 631 (21,45 an)

",

after this low Leryervature ovrderirg treszizont., Tho aexie

&

"

2 Liivee typee

o

o

mugm pormesbllitics wtteined Uy thils slloy sf

of beut treatpent sve shown below oy corrorizon:

sigat frestuent termesbllity Inductlion at S0 ce.

l. Y& hours at
4500 ¢ va, 2 50

2. 50 hours &t 430
“~ 179 hours at
4059 &

e owr @

e e L E00

L
0y
[
o

ey

s Llowly cooled,

wainly o0 hours

st 4009 & 4 65

hours &4 380° ¢ 8300 st 0.26 ce,. 3910
The rmein diflerence belween the second and tioind annesl
is thet tihe third is st & tenperature 25° below tihe second,
and yet the clilersnce in meximun permesbillity 1o slmost
twice, it s interesting O cunpsre the lnductsncaes ot
&0 oernteds of the 406Y C ennewl snd the slow ¢ool erncels
Low fnducbtlons ¢t hign Iiedds occurring in conjunction with
high permesnbilities st Jow {lelds is tne conditlon hers, and
this mey be compsred with wepnetic results on the ssme alloy
s & functlion of temverstures. It will be geen thet tue low
temyerpature snnealin, treetient sesueld to bring the ue, netic
gtate wiiict occurs somewhst below the Curle point - very high

AMVs gnd low u'a - to room Lenpersturc,.

GhiE WL L UFS ALY L a3 SRLY Jup J=noaal iaﬁﬁ:’f

«

48

Ihis result is exectly

O oreLebLed oy coye (EB).
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The cocrelve foree Ol uwidowly cooled oil wes U.li, concidere
ally lower then the U486 Jound for bhe 4089 © enneals 212
(£0.1% ¥p) showed & groct Lope.vesent ol soft we rotle prope
erties Dy Lie low Lenlorelues Groer il b Gic si0wW ool
trestment, oo cexliouw permosulildly wez 1800 ot SWE oewsted,
considersuly (rosbed tuan ite (revicus oll wl .70 cerated,
in the 450° annerl. ‘The coucrecive {ovce et roocn Lawpers ture
wes D488, pobl much less than toe 0,07 lound Jfor the 450° ¢
snnerl, 4t ls intercubting o nolte buwl tie loduwotion of
thils 0.1 &n 2lley wee o regtar Lasn Uhe led. sllioy, al=
thowghs lte perweablilitice =4 lou islds wore much iusse

Ldgh iregueuiy rosulis Lad soowa Last owsl (Peate

ment @b wnd beiow 400% O wes Lou low Lo e LG lewly order

o L

% wn wlloy. Slallsrly the slow couoldl Lroestaent dld
nob jroduce kil fndwuctlons 1o bae $0,3y En ring L ocimen,
The cosrcive Lorce oy tiols eilloy was 4.0 oerubods,.

The effect of tearersture on theo wmegust’rabtlon of
w3k (Ele4i #m) after tuc slow cooling bo <uid? 4 trestment
L8 glven in Pables 206 rnd 28 wund In Vigur s 48, 44, and €8,
The dats were quite complote for low {islas, arul shiow the
Ays. b oand tue (;A4>M Wie & @uives ln muckh grostor gew
tail than similer curves io» the 4060 ¢ annosl., Urum tae
curves tio highest pemruaolllty possiclies 1lu TI00 ut 0.1
gersted st 889 . Fae naxlmum of the Mwa. T curves
3308 Lo lower Jd0ids sod Las a neXinpun volus ilisell asg

teayerature viseB, Tus (/4)4 e T ocudves in Flgure 44,
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wihich sre the d.c. @acuiveients of the L va, ¢ hizk frecguency
curves, ere sesn to vary srestly with tex;evsture and [leldg
the top eunvelope of these curves 1o secen to ve & plot of
Musx., vEe Te The bDell curves et cifferent temperstures for
thies slloy sre sbown 1o (ipure 46, In cooperdison with sime
fler curves sfter the 4089 ¢ snnesl, it iz seen thet the
inductions et higher flelds sre considerazbly lower, the bend
sherper, and top flstter. The incuctlons at S0 oersteds ere

geen to be [elling repldly with temyporsture.

Ce The kapnctic nesults in .enersl.

There is an interesting amuwlogy to be drawn boe
tween the resulte found for the nickel-mengenese alloys
asround Niazln enxd the nickeleiron elloys sround Nigie, The
nickel percentege In Hiazkin is 76.8%, and in NigFe 75.95%,
prectically the same smount. Elmen (27) hkes shown that the
yermeeblilitise &t very low fields, or initlel perneablliiy,
of the sir-quenched nilckel iron slleoys reosched & maxicum at
TB.E4 Hi., In the present investigetion on nickel-nangenese
elloys there hwe elso Leen found e xeximan in permeacility
at low lields &t 78.bp 1 {the three closest compozitione
te this velue belny Te.9,. Hl, TE.0x Hi, snd T6.8x Hi).

There sre ciiferences between iLlgin snd lligie,too.
lmen Jound thiat thne Dighest permesbilities were obtained
wien tie elloy was esir-guencued from sbout 600 ¢, which is
the ferromegnstic Curle point. L. Heye (28) found the

eritical ordering tempersture of Hizre to be 4u0° C, a
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tenpersture telow thie Curls point, The oxect hest trectient
used oy blmen wee to hest the ezlloy to $00°-1000° ¢ and hold
et torpersture for one howur, iurnsee ¢ool =t soout 1,89 &
per minute to room temyersture, rebest to G600° L anc hold
for fifteen wminutes, wrd slr~guonch on e hesvy coper plots,
Tre cooling rote of the gir-guench wag sbout 20° ¢ por sec-
ond; Llwen nns presented dats showing tisel the optimun coole
ing rete wes ebout BO% ¢ per second for maximum M ga |,

and 20° C per socond for meximum Mgy. iong snreallng atb
428° ¢, or "beking® s Flmen celled it, produced much lower
reraeablilities.

The oprosite situstlion to tihe stove jrevells with
the nickele-men.anese slloys. The Curle polnt is Lelow the
eriticsal ordering tempersture, and not sbove. lersmelloy
is cuenched through the ordering rengs, and the nickele
mangsnese slloys must be "beked" &t & low tempersture in
order to bring svout the Lighest jormeabllitics,

He Keya (20) hes puvlished sowe interesting dets
on the verintion of thne coeyglve torce of lronw-nickel 2lloye
with composition and hest treatment. 7The date in the fole

lowing toble waes tshken from his peaper.
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Toeble 6. Leypendence of Coerclve rorce of
rerpalloys witn dest Trestment
{after Kaya).

Compo= ! lig 1n ces. 1 g in Oe. 1 g in O€, 1 be in ce.

sition : Comgpletely @ Slowly H doter : I % o
& et Annesled $  Looled :  Luenched : suencred
1845 0,436 0,185 U, 166 D20
20 0,38 0,184 0.083 0.164
21l.5 0.269 0.184 C.048 0. 081
24,1 0,805 - 0,053 0.038
&8 0,238 G.215 0,042 0.030
50 0.400 0,260 0.2569 -

1t is seen {ropm tils deta thet there ig & felrly
sharp minlmum in Hy at 81,44 Fe for the completely anneesled
slloys, and & somewhst flatter wminime in He st 21.0 Fe for
tho other hest treatments, Similar, Lut much more income
plete date were taken on the snnesaled nickelemangonese
elloye in thls investl;etlion, The values of ke, tesken from
the results ere In the following talle,

Table &6, Lerendence of Coercive iorece of
Higin Alloys with Hemt Treastment.

Compoelition : He in ce,
~ Hn + Completely Annesled
£0.1 0,52
£l.4 0,18

2543 4,70
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Inductive ressoning from the high freouency date
lesds one to Gelleve thet the 5,24 ¥n alloy (w62) would
hnve & low coercive force, since it wes slmost &8 ua; net-
fcelly soft es the ©1l.54% elloy, end that the £4.4% ¥n alloy
would heve a quite high coesrslive force, of the ovrdey of
saeveral oersteds. These dste indicste thet there 1is an
even more murked snomely in coerelve rorece in the nickel-
men.enese systom then in the nickele-iron systeom. Although
tihe dats is Lfncomplete, 1t 1ls resgonable to believe thet
&ll the compositions or the rickel-rlch zide of llzin, which
under;o the order~disorder trencsform.tion, will hsve fairly
low coercive foreces, while the compositions on the psngsnese-
rich side of ligin will nave smuch highsr coercive f{urces.
This wmesns thet an ordered structure of Hlzdn with excess
nickel atoms 18 msgnetlcelly soft, with £l.8» En &s the
softest composition, ond an ordered structure of %igﬁn
with excese wmen snese atoms will be meoneticslly hard,

There sre two possible roasons why Velentiner
and Becker (4) <id not ovserve the very soft nsture of the
nickel=rich Kighn elloye in their megnetic investigation:
(1) dmpuritiecs in the elloys, and (&) inzuiliclent alloys.
The mengeness they wiod wes “mén&yn naclh woldschmidt, a
rather impure product. In view of the sensitive resyponse
of me;netic softness to fmpurities, thls factor wes provably
eifective, Also, they only investigsted the 204 sn and £55

#n alloys In the viciniiy ol ¥lzin, which mesns that only
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one nickel-rlch Uigdn slloy was lovestlpgsteds. The resulte
in the present lmnvestl stlion have ohown that the Z0.1% ¥n
21loy is aobt outstandligly soft,. |

comprred o Lhe iron~nickel nlloys like yermelloy
or hypernlil, or Lo cxitrevely pure iron, freed {rom oxygen
and sulfur Ly vecuum meltling or bydrogen snnecling, the
8oLt se nel i propertlies of the well ordered 21,5 n
£lioy sireo not perticularly outstencing. Sut the produge
tion ol o Ligh ¢ degree of ms onellc «oftness in ¢ O

fervous £1loy, vhlch I¢ noroelly nopemsgretlie, lg indeed

B s by o .
rersrkeible,

Le  Therpoelectric bvidernce of the Srder-ilsorder and the

wapnetic Transformstlion.

The sxiztence of {wo criticel tenperstures in
ordered Hisiin, the Curie point and the crlitical ordering
tempeprature, heve already Leen brought out by previous in-
vestigeators.s The point was slso to be unmistekably ine
Ferred froz tie results of the tenmperalure runs. The date
of Keye end kekayame (3) aid not show any effect at the
turie polint. 1t is probebly trus thet in thelir wethod,
messuring the tohermoeleetric forece of the alloy guenched
from tempersture, Leye and Jekayeme desired only to deters
mine the tempereture of the onset ol order,. ieasurements
nede on quenchied &lloys would not be expected to zhow the
Lurie polint, bvecause 2ll of the alloyes cuenched in the

ordered conditlon would Le {erromasgnetic at roon temperasture,
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Thie thermoelectric force of tue LU.2 in alloy vs.
alumel, whose emi, s einst standard It 27 wes known (Teble
27), is givoen oy toe digordered, cold drawn cordition in
Table <8, and for the condition resuvliing fror very slow
cooling ot an uvers.e rete of l.409 L jer nour in Teble 29,
e dota at tempersturesfrom 300° to 528° C are shows in
Yliure 46, Llugjection ol the curves showes thet &5 the ale
loy beecame ordered, its emfi. spgsinst slumwel became lower
than in the <¢lsordered stste. The emfls devistion of the
ordered from tne <isordered curve is very gradusl at the
stert; this is ¢ furtier indication thet the ordered and
disordered states must be eslectricelly gulite similar (the
lack of & shery bresk lu electrical resistlivity In coing
from the ordered ststie to the disordered stote is illug-
trative of tihe seme idea).

Further inspectlon of the ordered curve shows
tiet there &s & sllight, but definite sromsly et 435° (,
which is sbout the Curle point for the 25,84 alloy in e
very well ordered stste. This snowsly is an upwsrd breask
in tie curve, sndé is cleerly brouzght out Ly the upper curve
of Digure 46, whicih le& the difference Letween tie ordered
srd o isordered enf. curves agsinst tempersture,

i1t was necesaery to extrapolste the duta above
onc celow the bresk ir order to identify i1ts exmct position,
but 1t 18 believed tuet the course of the date from 30° C
below the breek to 30° ¢ sLove the break justifies this

extraroletion.



Le The iich Freguency dessurementsa.

csections b end ¥ of the Hesults (resent dete and
ecustions for the guleulsation sad Inteprpretation of the Liigh
fregquency inductesnce meesurenents lu terms of more [undsmen-
tal units.

The constent irn the equstion for celculstlng per-
meability frox inductence end reslistivity {(see Lectlon 1li A
for derivetion and further discussion) was obtelved toth
experimentally with nonmepnetic rodes and theoreticnlly.

The syoreement [ound {or the sxperimentel snd theoretical
constents (experimentslly ¥ = 0,076 ard theoreticslly
R 0,0708) wes much vetter thesn sxiscted,

Celeuvlatione of jersealility st differont toujera-
tures {row inductence-resistlivity dete on an ordered nickele-
men,enese elloy were mede, and sre copjsred wlith baillietic-
ally determined permeabilitles In isure 47. & preat derl
of mecuracy cennot be exjpected from this comyurison for seve-
eral reosscusi: (1) tue detemilretion of btie r.nes. velue of
the nLiph freguency current was not precise; () the calous
lation oi the jesk velue of the e e currant {(or the he 1,
fimlﬂj gossumed & sinusclidal wove, an spjyreoximetion st west:
(3) tie Lede curvent, or Ilelu, waes rot very constent; and
{4) tie bellistic dete was oo g viiferoent sy ecluen,slthough
of tie vewme composition, wiilch was 1o & esovewnet highor de=-
pree ol order, snd Lence wey e ecxpected to Lnve nkigher pere
ceablliities., The cusysrlson siowed tos celouvlsted perine~
abilitles to Le 06 Uhe currect order of rnapnitude, sid was
thervefore & sugcesnlvl deronstration of the vellidlity of the

egustions,
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it ig syyerent thet the i h frequency date doas
sfford 8 weans Jor obtalnlng soft weynetic yproperties rapidly,
pltuovush somewnnt incomplutely asnd insccurstely, and 1s an
excellent method [or persesbility va, temperature measures
wenta. Rnowled:e of tie e {4 field snd tne de ¢o resis-
tivlty ie iuwperstive for celceculating rpermestility snd Inter-
jreting tue datu, end, after thils hes Leen done, &pproximate
velues of permeanblility st a given (leld ere tie rosults., Iin
thie date presented ip seciion, Results A, permesbllities were
not celculated, but only the inductance-resistivity date pre-
sented, vecause 1t wes felt thet thelr values, coupled with
thie kmowledsie thet rermeshility wse proportional to the squere
of iInductarnce, were pulficlent for the puryoses et uand,

Hesulte showlng now the inductence and erfective
resistance veried with the hilch frecusncy {isld gre given
lee bert ¥, and shown grephicelly in Figure 48. The rerked
veristion of thess propertlies with field illustretes the lme
portance o operating et & constant fleld, The L ve. Hnax,
curve, the uigh {reguency eguivelent of the ballistic /M vs.
i curve, is seern to Le somewhat different Lfrom that curve in
thet the maxXimwm in L takes plece at & higher fleld, H, than
the naximwn in M,

The wmexima In the Mve., T curves in Flgure 47 oc~
curred at the ssme tempersture for Loth the calculated h, £,

rermesbility end the d. Co permesbllity.
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l. &Alloys of the composition iizin or in ite vicinity under-
£0 en order-dlsorder treongformetlion on smresling in tie tem=
rersture renge S00-500° C,

{a) uelow 3%00° ( tne rate of transforustlon prob-
avly ls too low {our any spjpreclable amount of tne trsnsforma-
tion to take place,®

{(b) Above sbout H00° U the ordered stste 1s not
stable., Thus, about $00° ¢ is tie criticel ordering tem-
rerature.®

{(¢) The criticel ordering tempersture is not
truly oriticel in tuat there are no very merked snomelles
of properties irn pessing througn 1t.w

(&) The criticsl ordering temperaiure of the
25,24 uin alloy is 4%0° (, sccording to the results of thermo-
olectric messurexents on the alloy cooled very slowly turough
thie ordering ITAaniC.

{e) ihe criticel ordering tempersturss reported
by Kaye end dNakeymus ere higher thsu the one lound directly
or others whose epproxlimste velues were indicebtoed indirectly.
Yhe value reported by K. Thompson, 610° ¢, wes only slightly

% Findin s of previous investigstors which hove bsen veriiled,
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(£) Indilrect evidence in the presect investigetion
indicetes that the criticel orderinyg tempersature incresses
with mengenese conbtent in & reement with hkeyse snd lakaysma,
but not in sgreement with K, Thowpson's ipnterpretetion of
Eaya and Pussmsnn's date,

2. Qe ordered hlglin alloys ere Perrome _netlc; thelr magnetlc
properties sre very dependent on composlition,

(a) The £1.%0 ¥n slloy 18 the moret megneticslly
soft of the compositions investissted, The softest proper-
ties found for this alloy at room tempereature were a pore
meability of BO0U et D.24 oersted amd & coercive [orce of
0,18 oersted aftor Cemsgnetization from 30 osrsteds.

(b) The softest yropertics of tue 20,1 #n after
hegt trestment were g permepblility of 1800 st 0.8 cersted
ené g cvercive forece of 0.5 cersted after demegnetization
from 30 ocerateds.

{¢) iigh frequency rermeebilities of the 23,84 hn
alloy sre high, but not as nigh ses tihe 21.85% slloy.

{¢) The msynetic properties of the L8.,%x ¥n slloy
aere extremely herd compared to the slloys of higher nickel
content, the hijhest permeabillity iound siter heet treetment
wape 186 st £ cersteds end & coerclve force of 4.3 oersteds
after demegnetlization from 30 ocersteds.

(e} Ligh Ifrequency results c¢n the megnetic jrope
erties of the 24,44 Wn slloy show thet 1lts permeabllity et

room tempersture ia very low,



(£) The compositlon dividin: soft erxd herd mage
netic dlziin elloyes is probebly close to the theoreticsl
composlition ulgzin, EO.7d4 kn, the nickelerich alloyes bolng
gulte soft, snd the mengenese alloys qulite herd,

Se The ms netlc propesrtiecs of the Kipin alloye ore very
senslitive to hest treatment.

(e} The Curie pointe found Jfor the alloys, when
they were in & well ordered condltion, were in bLetler & ree-
ment with the results of Keya end Ngkasyama then with He. Thompson
or Keys snd Eussmenn, ;artiaul&rly in the cese ol the nickel-
rich elloys.

() The Curle points of the well ordered slloys
were Crastically lowered by momentarlily heating them to tem-
reratures bigh in the ordering renge.

{e) 1t wes not possible to tell with certainty
from tne dete whethier the Curle points oi the sllcys an-
nesled for long periocs of time &t temperatures hilgh In tie
oréering renge were lower than the (urie points after low
tempersture snnealing.

(¢) The best soft megnstic rroperties of thne
nickel=rich nlloys sre obtsined vy snnesling for s long
& tlme sund st es low & tempereture ss poesgivble, Thus,

Ligh deprees of order in these slloys promote meznetic
softness, when the alloys were snnesled st tempersburocs
Ligh In the ordering run.e tie msgnetism wes feeble, or

roor st bLest.
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(e} “he perimeabilities st room tempersture alter
the morenbary hesting of the well ordered slloys bto tempera-
turcs Ligh in the ordering range were ol the seme ordey of
smagnitude or sven a little highoer then in tie asnnesled steate.
{£} Three tyres of perwesbility-tenperasture curves
were obeserved: (1) after snnesling st a low ordering tem-
rersture, the porpesbllltlies were cgulte nigh in a delinlte
texporature reng e, tie curve wes somewhet lrrvegulsr with
temperature, and the position of the bLighest permesbllities
shifted to uisher temperatures ss the mengsnese content of
the wlloys incressed; (2) afiter snnealing st a low ordering
tempuratures, the permeabilities were low jor the whole temw
rereature renge uyp to the Curle polnt, snc (J) after neating
& well ordered alloy momentarily to & hi;h ordering t@myw?én
ture, the curve was swooth, moving Irom high vslues et room
temperature to & lowep Curile point thean it formerly possessed,
4. mormel mognetizetlon date at temperatures upr to sbout
1200 ¢ were telen on the 21,5» ¥n alloy in two stetes of high
order, snd hysteresla dete In the sanme tempersture ran e werse
teken on the £1.5% ¥n slloy in one stote of bigh order,
5. Thermoelectric evidence on arn ordered 2&.2% wn s5lloy show
thet there 15 sn enomely et the Ccurle point s vell ss at tie
critical ordering temperature, wion the messurements are made
ot temjersture.
6o b bigh frecuency inductence meinod for mesguring me;netic

rroperties st low fields wes investigeted end lound to yleld



satisfsctory, sltuou i spjvroxiuete, resvlite lun taporetiure
runc, the constepnts of & {ormule [or caleulatln. orme=-
ability fron Inducitsice-realstivity dats were evalunted
exferinentelly st theoretlceslly, both evelustlions yielding

asbhout tue some volue,
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