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The research incorporated in this thesis -v--o begun 
as an invest lotion. of & method Tor determining w&ĝ ofeic 
proportion of metals, particularly the Uurla foint from ial̂ h 
frequency Inductance measurements* Xhe method had good prom­
ise for suacasc with strongly ferromagnetic ^©tali, beee'use 
of tii© largo effect that a core of a. ferromagnetic .material 
has an the inductance of a solenoid escited by a small mag­
netising current of high frequency* It was believed that 
the method. could be suitable for following structural change* 
in ferromagnetic alloys at different temperatures end i n  dif- 
fa-rent physical conditions* For a suitable alloy it was sug­
gested by hr* H* b* bean, then Chief Engineer of the Metal­
lurgical division of the ilure&u of Minee, that the nickel- 
manganese alloy* KlgJBn* was strongly ferromagnetic when, its 
lattice was in an ordered condition end. that some interesting 
Information about the formation and destruction of its super­
lattice might be obtained by studying it by this inductance 
method, fbls suggestion was adopted, and three rods of ap­
proximately the composition B i^U n (23*78$ by weight manganese) 
were cast and swaged at the bait hake City afeatIan of the bu­
reau of Mines* Mr* C* f • Anderson was kind enough to have 
prepared those specimens as roll as several other specimens 
at a later date* The three rods were 21*5g# 23*2$ and 24*4$
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by weight maa^antu, two being on the high-nlckel side and 
one on the high-manganese side of the theoretical super- 
lattice composition.

The alternating magnetic fields generated by the 
solenoid as part of a bridge eIrcuifc being fed by an electric 
oscillator of * jwn frequency were necessarily Quit® low# 1#®®’ 
than 1 oersted* Therefore# any unusually high Induetenee 
?ihti recorded must oe due to magnetlo softness of the core 
material in the solenoid* atom, in the course of the inves­
tigation* high values of inductance were consistently being 
found for the two alloys on the high-nickel aid© of the super* 
lattice# it was decided to find out Just how magnetically soft 
those alloys were# comparison teats made in the same appara­
tus with alloys known to have great magnetic softness# perm­
alloy and hipernik# gave Inductance values of the same order 
of magnitude as, iiio&e found for the ordered niekel-mangenes© 
alloys.

"At this point in the research it was decided to veer 
somewhat from the original plan and Include direct current 
magnetic measurements on these alloys because of the Impor­
tance of the results obtained if they should prove to be as 
soft magnetically as toe frequency measurements had indi­
cated. formal magnetisation and hysteresis curves measured 
bj a ballistic galvanometer are aeoet ted as standard measure* 
rsenta provided the demagnetising effects of the induced poles 
in the test piece are j.roperly taken into account. A test



la to© form of a continuous ring M s  a <1 ©rangnat 1*Ing 
factor of aero* and is particularly wall suited for measur­
ing ira n tic properties at low fields• locordinsly* ring 
spec imen® of nlckel-manganese a Hoy ware prepared at the 
gait Lake City station* and these maseuramenta were carried 
out *

It would foe well to include in this introduction 
some Idea of the nature of ordered me to 113 c lattice*' In 
alloys* Metallic solid solution** which include most phases 
in alloy systems* are composed of homogeneous mixtures of 
the two kinds of atoms la binary systems and more than two 
kinds of atoms In to© higher than binary alloy systems* each 
atom occupying a definite lattice site In a lattice system 
characteristic of the solid solution* Typical lattice ar­
rangements for met©llic phases are face centered cubic, 
foody centered cubic, close packed hexagonal* etc* the 
solid solutions cons Id©red hero are substitutional, where­
in each atom occupies one of the lattice sites, as distin­
guished from interstitial solid solutions where cert©in 
small kinds of atoms like oxygen and carbon can exist be­
tween toe lattice sites of the parent lattice*

Usually there will be found, a completely random 
distribution of toe two kinds of atoms in the lattices*
In statistical terms the probability of finding one kind 
of atom in a given lattice site is just a* good as that 
for finding too other*
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In certain elevated temperature ranges the two kinds 
©f atas will tend to Errc.%;e themselves In an orderly manner, 
teat laf atoms or each element- will tend to take up a regular 
position relative to the others of ft« kind and tee atom* of 
tim other element* If the time at temperature is long enough, 
tea more orderly arrangement will be formed, the degree of 
order bete& greater for longer timea at temperature* & famil­
iar sample of an ordered arrangement of two kind© of atoms 
on a lattice is teat of salt, isCl, whore tee He atom® form 
one face-centered cubic lattice and tee Cl atoms another face- 
eentered cubic lattice, each Ha being surrounded by Cl atom®, 
ate, conversely, each Cl being surrounded by la atoms* The 
parent lattice Is face center cubic in structure and is com­
pos ad of tee two intertwined face-centered lattices, Ha end 
Cl* if it were possible to mix thoroughly the Ha and Cl 
a toms on tea lattice slier, the resultant structure would he 
& riu.uGiwi distribution of te ate Cl atoms on tee fee ©-centered 
cuolc * t* ̂ it lattice - this random distribution is customary 
in metallic ©olid solution, tales# a ^disorder-to-order® 
transformation has taken place*

'The alloy compositions most susceptible to order- 
&isorder tran®formstions are those is which tee atomic per­
cents &ee of the two alloys bear simple numerical relationships 
to oii€ another* For example, in an alloy system A-B, tears 
iiighfc be supsrlattices (l*c«, an ordered structure) formed 
from random solid solutions at or about tee compositions



§

Ad, and AB$» If the composition of the solid solution 
is exactly at an® of thou# comics it ions the resulting ordered 
structure can approach perfection* Kith compos it ions on either 
side of these simple atomic ratios some of the lattice sit#® 
belonging to one kind of atom still necessarily ha ve to be 
filled by the other*

If the alloy phase doe® fcoat a tendency to fen& sa 
ordered structure, an Increase in temperature will increase 
the ess© of atomic motion, and thus ©cable the ©toss® to more 
into t&e positions demanded by the superlattice type* Boe~ 
ever, this very freedom of atomic motion which &®de possible 
the ordered structure also increases the tendency for the 
atoms to movn out of order, thus reducing the degree of per* 
feet ion of the ordered structure# if sufficient time i m &1-* 
lo«cd# there can bo established at any temp era fur© an equl* 
librium where in the rot© at which atoms arc moving into right 
positions equal© the rate at which those already in right poai- 
tlons are a;ovix'*g into wrong positions# ftiue, there it an ©quS* 
librium degree of perfection of the superlattic© which doer ease# 
as the temp erature inarea® es# luicn the tempera bur© rises to 
the p©Int where the atomic motion la such that the tendency 
for destruction of the superlettic© la grantor than that for 
Its formation, the so-called critical ordering tamp©nature is 
reached# fhe approach to fchl® critical ordering to-g era turn 
is what is technically called catastrophic, that is the degree 
of order decreases at an ©vc?r accelerating rate, until, at the 
critical temperature, It 1® sere* This type of behavior is
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characterlatlc of alloy phaees having ** long-distance order”, 
wherein large group© of atoms lorn ordered masse© large m i©ugh 
to alxfraet x*rfiys from the new lattice j,lanes set up by the 
ordered structure* arid thus giving rise to "superlsttice lir*S8w 
in the x-rey pattern# the above-mentioned critical tempera­
ture Is eomefclmes called ”the critical temperature of long- 
distance order8*

hhort-diatance order or "local order” results from- 
the remaining tendency of the atoss to arrange themselves In 
an orderly manner* even after the temperature is too high for 
long-distance order to ex. 1st* and only ©ms11 ordered clusters 
of atoms can be formed* these to© disappear when the tempera­
ture Is increased still further* Occasionally very little 
long-distance order is developed, mud consequently* the cat­
astrophic effect® at the critical temperature are minimised* 

fh# physical properties of the ordered structure 
are quite different from those of the random solid solution# 
the electrical resistivity is usually quite lower, the ordered 
structure may be magnetic and the disordered non-magnetie, dif­
ferent thermal e«af*s# are developed., the heat capacity discing 
deetruetion of the superlattice is anomalous, etc* indeed, 
it Is by observing those different properties that me study 
super la 11 le ©s • The only direct evidence that w® have of 
those ordered structures la observed when it car. detect the 
extra super .la it lee linos in the x-ray pattern, because from 
these the actual type of ordered structure may be derived*



ii* h i t h m T u m

k m toe Qrder-hlaor&er fransferiaatlon. I n  ft'lgMn*
•to® first investigators to observe the ordor-dlsorder 

transformation In Ml^An were 5* Kay® and A# Eueaatar.® in 1951 
(1)* toey found the alloy® abound this composition tc he prac­
tically xttnferromagnetlc, when quenched from 900° C* After 
cooling the alloys, from 900° C at 50° c per hour or after as- 
neeling for three days at 450° G, they found the alloys to he 
strongly ferromagnetic, the condition after the three day an­
neal being more ferromagiieiie than that after slow cooling 
(fig# la)* the electrical resistivities of the alloy® around 
&I$ta annealed two daya at 450° 0 war# found to he lower than 
those of the alloy© quenched from 900° Q (fig* lb)* On re­
heating alloys that had previously been aimealed they found 
that the saturation magnetisation became sere at about 400® C 
(rig* Xo), and that toe resistivity changed slope, leveling 
off, at about the same temperature (Fig* Id)* R&ya and 
Rusanann called this temperature to© Curie temperature* they 
made no distinction between a Curie temperature and a criti­
cal ordering temperature, although they offered saturation 
magnetisation data on these alloys after prolonged annealing 
and quenching fro® temperature, which allowed toe sharp fall 
in toe property at about 500® €*•



8

figure 1. Data Taken from Xaya and Xussmann's Paper (l)

sm

it %

(a). "Saturation magnetiza:icn, AttX«o (b), "Spec!Tic electrical
of Ni-Mn alloys (a) after rapid coo?.- resistance of Ni-Mn alloys,
ing, (b) after slow cooling, (c) after (a) quenched from 900°0,
three days annealing,11 (b) annealed two days at

450°C.11

1

!

m Hfmperafur/0 *r

(c), ,Tyn:-netizaticn-temper- 
ature curve (annealed speci­
mens

—f r—

0%Mn

m30(7

(d) , 'Peristance-ten ?r:d are curve of 
Xi-'n alloy's,"
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1ftIs matter of two critical temperatures which BLaya 
and Eussmerm* s data Indicated was clearly brought out by 
II* Thompson in 1940* (0) Thompson repeated Kaye and Kussmann1 s 
magnetisation and resistivity work, and interpreted the fall* 
ing off of these properties at 460° c a® evidence of the mug* 
netic Curie temperature (fig* 2a), and the persistence of 
magnetisation in the alloys quenched after aim#®ling up to 
about 510® C as evidence that the critical ordering tempera* 
ture is at about 610° 0 {rig* 2b)* Thompson also presented 
specific heat lata on i*l3M» when in an ordered condition while 
it was being slowly heated to 600° C* The specific boat vs* 
temperature curves ©howed two anomalies in the form of maxima, 
on© taking place at 490 t, presumably evidence of the magnetic 
Curie tempera two, and the other at about 540° C, taken a® evfc* 
dence of the critical ordering temperature* It is generally 
accepted that specific heat anomalies occur botli at critical 
ordering ternx eretures and magnetic burl# temperature, although 
usually they ©.re .much mare pronounced end sharp or than those 
Thompson found for The magnetic trims formation temps®#*
turae and critical ordering temperatures which Thompson found 
or adapted. from Kaya and kussmaxm’s data are given, in Figure £e* 

Further light was thrown on the trsnsfometlon* of 
Ki^Mn In a rooent publication by o* Hays and M» Hskayama# (5) 
They also .found that the leveling off of the resistivity vs* 
temperature colncid ad with the magnetic Curie temperature as 
mea cured by the rapid drop to aero of the saturation magnetIsa* 
tlon vs* temperature curve and that the leveled*off resistivity.
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M.r*' 1 . nta .h.-icn .'rr-' P. L: i'uq :a r 1 c * apor (2 /

075
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curve remained constant for a small temperature Interval after 
the Initial bend at toe tori© temperature, and tten started 
Increasing sometomt linearly but with leas slop# than it showed 
toil# it was still ferromagnetic* They brought out to# idee 
tost toe high temperature coefficient of resistivity shown fey 
the alloy while still ferroaae^netle is a common characteristic 
of ferromagnetics, that the high resistivity coefficient be­
comes cere Just after the magnetic Curl# temperature, ami that 
to© ordering of to# alloy ferns little effect on to# resistivity, 
particularly In. to# gutter of toe initial bend* Reasoning from 
Keys and M©Mayasa,s analysis lead® on# to believe that if the 
ordered alloy C M  not undergo a magnetic transform#tion, toe 
temperature coefficient of resistance would be low all to® way 
down to room temperature* the eventual picklng~up of to# re­
sistivity after about dGQ° C Inaleatee that all of the effect 
of order must have disappeared, and to# resistivity vs* tem­
perature curve is now following a course character!atic of the 
disordered alloy* Their measuremcnt of specifio heat during 
heating st a rat® of c per minute showed a pronounced.
Smvm at to# Qurie tempera turn (as simultaneously indicated by 
other properties), and a sobs ©whet gradual decrease up to about 
640° G, which may be taken as meaning that energy was being 
supplied to break down toe superlattice, but doing it rather 
gradually, thus showing no pronounced critical points (rig* 3a)* 
In their abstract, Kaya ami M&kayams wrote, 11 Variations with 
temperature do not follow toe courses shown by to® Gu$Au alloys 
and fei$i?e alloy®, to© main difference feeing that In to# eases
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Figure 3. Data Taken from Kaya and Takayana’s Taper (3)-
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(a). "Resistance, saturation magnetization, and 
specific heat of Ni-Mn. , equilibrium curve;, heating curve t2°C/min.); , cooling curve
(2°c/min. ).*
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(c). "Thermoelectricity of Ni-’rn 
quenched from different temperat­
ures against tie alloy quenched 
from 750°C between 0° and 100°C.

, heating; , cooling."
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now considered, a relatively largo temperature band (600 - 500°) 
exists within w h ic h  m  critical points appear to ocetir*1* If toy 
tills lays and. lakaywa meant a critical point 1 n roapoet to 
the ordering phenomena, a m  not magnetic phenomena, and toy 
critical point, a temperature at which a catastrophic change 
(1*0*, rate of change accelerating rapidly as the point la ap~ 
proached) takes place, then their data would seem t© toe In 
accord with this conclusion*

Esym and. Hakayasua have called, the type of order found 
In li^Mn "giaehbarschafteordnungw, meaning vicinal or neighbor** 
hood order* It can exist up to around 600° C, as may to© seen 
in Figure 3to* fhey do not call the "upper limit of vicinal 
order11 a critical ordering tempera bur© as did fh ompaon, (2) 
because the ordered alloy does not exhibit normal behavior 
when going through the order to disorder transformation*
It may toe seen In Figure 3to that the magnetic Curie points 
on the nickel**rich aide of ifl̂ Mn are lower than those ftaye 
and Eussmaim found (Fig* Sc)*

Meet of the investigators of the ordered alloy Hi^Mn 
have used saturation magnet lection in their researches* to. Val* 
entiner and to* decker (4) have measured the tiomml magnetite** 
tion and. hysteresis curves of JII$Mn and other manganese-nlckcl 
alloys in ordered and disordered conditions* they found the 
ordered alloys at and around ffigHn to toe fairly magnetically 
hard, and showing no unusual magnetic softness at all for any 
of the alloys investigated* fh© quenched, and therefore dis­
ordered, alloys were found to toe ferromagnetic* Using the 
intensity of magnetisation, *T, at 540 oersteds, they found
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the magnetic burle temperature of the 25^ Mn alloy in. an 
ordered state to be about 4bG© o#

&aya asci Kussmaxm Cl) used permeability at low fields 
vs# temperabur© curves in order to determine the burl© tampurm- 
turea of tii® high nickel alloys (greater than 80^ Hi) which 
have Curie temperatures higher tban roots. temperature in the 
as-quenched COM It lorn* Initial permeability has been used to 
measure Curie temperatures of ferromagnetics 'because of the 
sharp rise to a maximum just before the Curie temperature (5)* 
however* Kaya and Kusmaaxm did not use this method for the 
ordered alloys around

1-ray attempts to find the superlattice in Ml$$n 
kmwm been unsuccessful (2)* this lm& been variously attrib­
uted to the fact timfc the x-ray scattering power of Manganese 
and nickel atoms are almost the same* and to the lack of suf­
ficient long-distance order in the ordered alloy* Special 
x-ray techniques have been devised by investigators of other 
systems wherein the scattering power of the constituent atoms 
of the suspected sup or lattice have been nearly the same* and 
the superlattice was successfully found* the superlattice 
cu&n is a notable exaieple# fb#a# techniques have been re­
peatedly tried in the ease of &i$»n without success# the 
peculiar nature of the superlattice in l%Ms m® Is shown by 
the small effect® of the superlattice itself* l«e«* absence 
of pronounced anomalies at the critical temperature* etc** 
would seem to Indicate that the failure of x-rays to Isolate 
the superlattice was dm© more to the intrinsic nature of the
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superlattice rsther then to the closeness of the scattering 
power of the constituent atom®*

The an.ly thermoelectric evidence of the ordering 
in ll^Mn i® found in Safa and lakayiijsia# s paper# {3} They 
put the alloy Into an ordered condition at various tempore- 
tureaf c4t1@ncI3.ed, and meesured the thermoelectric force ax* 
erted by a couple of the ordered alloy and & specimen of 
disordered alloy between 0° Q and 100° G# lihen ordering 
had not taken place, the thermoelectric force g©Ber»t©d 
was Eero j when It had, an emf* of up to 0*7 ®v# was gener­
ated, depending on how well ordering had taken place* they 
found measurable emf'a* starting at about 6OO0 c, the emf's* 
rising sharply between 600° C and 600° G, and leveling off 
below 6O00 0 {fig# Sc)# Ihe data- showed considerable scat­
ter, and no particular critical points could be detected 
below 600® Q# This indicated that they found no thermo- 
electric effect at the magnetic Gurie temperature* fait (6) 
has found discontinuities in the curve of thermoelectric power 
vs* temperature at the magnetic Curie temperature for normally 
ferromagnetic material® *

Xu summary of the published data on ordering trans- 
forme t ion in Hi$Mn the following point® are given:

1# Manganeae-nlckel alloy® in the vicinity of 
(26*78$ Mn) undergo an order-dlsorder transformation when 
heated between 550° C and 500° C<*

mailto:c4t1@ncI3.ed
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2* the ordered alloy Is ferromagnetic^ and the

disordered alloy la paramagnetic*
S* Th© Curie temperature of the ferromagnetism of 

ordered Ml^Mn is about 480° C* and is lower for ordered al­
loys on the nickel-rich side of Nl^Mn*

4* The order-disorder tran©formatIon la not of the 
usual type wherein the degree of order decreases catastro­
phically at the critical temperature* but the degree of order 
seems to decrease In a gradual manner as the "critical tem­
perature" of about 600° 0 is approached* showing no anomalies 
in the tran.® it ion from order to disorder*

Jb* High Frequency Inductance. Measurements for &afenctie 
fropertlee*

Inductance measurements on colls with test cores in­
side of them have frequently been used for measuring magnetic 
properties of the materiel of the test core* 1. W* McKeehan 
(?) writes:

51 The inductance of a coil of wire depends upon 
the magnetic quantity of everything within Its mag­
netic field* An inductsnae bridge is therefore an 
extremely sensitive detector for changes In the mag­
netic environment of on© of a pair of coll© for
which the bridge has been balanced*"

According to Metteehsm, Hughes (8) first applied this method*
modern appliestions being described by A. Campbell and.

bteixshaus* These investigator© have used low frequencies*
and have attempted to eliminate or evaluate the relatively
small eddy current effects obtained* V, J~n Gott©chalk has
used the Inductance of a solenoid with test cor© Inserted at
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trequeue 1 m  of about 40*000 cycle® for investigating the pro­
duction of f er romagnet is® in the ternary alloys of Iron* man­
ganese* and chromium (9)*

V* K* Legg (10) has published method* for measuring 
magnetic properties of laminated annular cores of circular and 
square cross-scotion using alternating current* legg gives 
mathematical methods and experimental procedures for the de­
termination of the fundamental qualities* Femeabllity* ef­
fective resistance* induction* and magnetic field* Unavoid­
able effects of eddy currents arid hysteresis are evaluated*
Xn his experimental procedures het t, attempts to minimise eddy 
currents toy laminating the core*

Several Investigators have* however* used the eddy 
current effect in their methods* For example* d* M* bryant 
and *!* h* weleh (11) have used tables of the Increase in ef­
fective real#tance due to eddy current shielding in wires 
having high frequency currents passed through them# fheir 
specimen was in wire form? and consisted of a few turns of 
wire around a thin asbestos form* Bryant and &elch have 
used the so-called ,fskln effect® In a f©rro®©gne11c conduc­
tor as a basis of their application of eddy current shield­
ing to magnetic measurements? many other investigators have 
bone the same* notably ¥an Lanchner* (IS) o. fot&penko and 
E*. Banger* (15) It* iieeker* (14) and. K# Kreielsheimer (lb) to • 
mention four of the many papers*
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Many other investigators hair® used tit© skin effect 

or eddy currant #M©ldiiv induced In a coil transversed by
very high frequency, Usually the coll i© an oscillatory 
coil of a high frequency transmitter* The change of indue- 
t&nee changes- the frequency of oscillation, which may be 
evaluated fey heterodyning the altered high frequency ware 
with another high frequency wave of the original frequency,
A rosenance method 1» also used to obtain the change In fre­
quency, From this change In frequency the change In inductance 
of the coll la calculated, and from a suitable mathematical 
analyaie the permeability of the core material say be calcu­
lated. A good example of the use of this method is given by 
a, ft. tteit (16).

A method for determining electrical resistivity by 
eddy current shielding was proposed by w* B* Eouwenhoven (17), 
Kouwcnhoven used moderately high frequencies corresponding to 
a depth of penetration of the mat notie flux of a solenoid in­
to a test cor® of 0,117 cm, or less, ill© method used the dis­
tribution of flux in the mrfaoe layer occupied by the flux 
and in the surrounding air space to calculate the inductance 
of the solenoid. She equation derived contained resistivity 
and permeability in addition to inductance tii frequency*
Kouwenhoven applied his equations to non-magnetlc materials, 
where the permeability was 1. Since K.ouwenhoven*a analytic was 
need in interpreting so me of the data to- be presented, and will 
be given extensively later, no further discussion of it will be 
made*
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Measurements*
olenoidThe inductance and effective resistas.

when a red of the magnetic iraterial in inserted wm$ \xnmi to la* 
dle&tm magnetic properties* In order to understand what these 
quantities mean in tems of the customary m&gn&fcic quantities 
and concepts, a short rafisf of the analysis given by W* B* 
ftouwenhoven {17) will be presented* he a basis no used the 
Bessel function solution of the differentis! equations gov­
erning the distribution of magnetic flux in & round bar* 
flats solution is rather complicated and was considerably 
simplified by considering the flux to be uniformly distrib­
uted in a narrow ring on the outside of the bar* ihis re­
quirement is approached whan high frequency field® are uaed 
due to the well-known skin effect* The approximate equation 
was

slant penetration of flux and 1® based on the artifice of con-

The meaning of the equation is that the flux is composed of a 
real and an imaginary part, the real being in phase with the 
exciting current, and the imaginary lagging by a phase angle

where the factor ps the area of the ring of flux,
i% is the flux density at the surface, / is Maxwell1® equiv

sidoring the flux as uniformly distributed over <f , 3 is \f̂ l.

of -U2 *
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The equivalent penetration of the flux Into the core 
1® ^Iven by Maxwell*® formula

r _ f \2
ert /a-f where J 1® in aboteis per cu* cm*

rx  d- where ? is in ohm* per cm* cm*

Calculation® from Kowwerdumm* s frequency ?#• reclstlvlty re­
quirement® indicate that J * 0*177 cm* for an approximate
solution to the dess#1 solution to be correct to i0*l^*

when the solenoid ha® no metallic core the Inductance
is by

(£) \ _a
henry®

8

where B@ 1® the flux density in air, * area of cross** sect ion 
of the solenoid* with a round core inside the flux will he
tilver* by , where <£r la the i lux in the core end

outside of the core* fhe inductance will m w  be &lven by

L  =  M  V  I O  h e n r y ®

= N + ic x 10 henry®

tut = (2TTr|)ANSs = ̂ ^^A''B 5, $ c = (

where k cross-s@ct.laml area of the rod
tp-en ^ \ r S ̂  N ^ ̂  d g. - fl b ) Bs n | x \o henry s

n ^  L i i
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, B ft N -8Snowing that = __s y "  x 10

It follows that .-. 3.1Y. ̂.../̂ -v ft cl ~ ft_v»
f t  <x_ f l cl

and since TTr2- - area of bar,  ̂t ,
_̂22? _ rL_L_Bjb v 6  <*■- .' ft V,

substituting  ̂  ̂ ^
S- “ “ JJi

\--vv _ So53 /0>A _y Es-ljii’
" Y-ST" y +

L  = § ^ ^ 2 5  [ T ^  R „ - ^ V  Lcu
~v' Y s/ ^ nOk_

=. ScraEr!* /£« + Lc
«*. v/r

The above equation relates fed© resistivity and permeability 
of the rod to the measured inductance of the solenoid with, rod 
inserted at frequency f and the physical constants o 1 the sole- 
no id and rod# The equation as given in Keuvenhoven’ s paper was 
erroneous in that the permeability was given in the denominator 
of the fraction under the square root sign instead of in the 
numerator# This mistake resulted from houwenho ven* s not multi­
plying toe surface flux density (really toe sir core flux den­
sity) by yt\ # Since Eouwenhoven was interested Is determining 
resistivity of non-aagnetic materials by this eddy current 
shielding method, where ^  is always unity# this error did not 
affect hi® results*

The solenoid which was used in mess wing the magnetic 
properties as a function of temperature was necessarily
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relatively short# hem®* these equations cannot h® applied 
with accuracy, and in order to calculate permeabilities, a
calibration of the solenoid against non-magnetic material® 
whose resistivity is known ©an be made# A procedure which 
could be hollowed in this case would do to convert the above 
equation to the form

The constant K contains all quantities in the equation which 
©re held constant including the frequency* A difficulty ap­
pears in the use of this equation because 1^ and 1$ are of the 
same order of magnitude for non-magnetic materials and conse­
quently the inductance measurement must be .mad® to. an addi­
tional degree of precision over that used for ferromagnetic 
sat ©rial where ha - %  Is comparatively large# Since the in­
ductance of small air car® solenoids i® of the order of a few 
hundred microhenry^, the method of measuring Inductance must 
be capable of an accuracy of 0#1 microhenry If 1$ precision 
is to be realised In the calibration* This degree of preci­
sion was not available with the inductance measuring equip­
ment used* A calibration to within about 5-10$ relative 
accuracy can be mad® nevertheless, or the theoretical con­
stant mmj be calculated and used# It must be stated, how­
ever, that whan the permeability of a Magnetic material I® 
calculated using this equation, the d#e* resistivity must

where L c
ft cv ~  ft P \" ~----- ' '- ®W



have been previously determined* Kwen If a calibration of a 
lorn order of absolute precision was used, there may foe ealcu- 
la ted relative values of approximate permeability whoa© rela­
tive precision Is campamt1vely good#

It might foe stated that Kouwenhoven*» equation bolds 
only for non-magnetic mater In Is, because only the eddy current 
effect of high frequency fields was considered* E* beeker (IS) 
has concluded that the behavior of ferromagnetic foodies In high 
frequency alternating fields is completely determined by the 
eddy eurrent effect, It it true that the frequencies Becker 
bad reference to were no doubt higher than those used in the 
present Inve*ti&atlon, but It is relieved, that the eddy eur- 
rent effect It the principal factor affecting the inductance 
measurement* Apparently hysteresis and other magnetic effects 
are of secondary Importance In reference to induetancej this 
certainly is not the case with other magnetic quantities like 
effective resistance*

The other high frequency quantity measured In this 
work was the effective resistance of the solenoid* Hysteresis 
and eddy current effects in the ©ore of the solenoid, which 
make up the principal magnetic losses, very markedly influ­
ence the effective resistance of the solenoid* The increase 
In effective resistance of the solenoid when a *. t netie core 
was inserted over that of an air core may foe taken as a mea­
sure of the magnitude of the magnetic losses In the core* 1© 
attempt was mad© to separate hysteresis aim eddy current losses 
the sum of which is contained In the increase of effective re­
sistance*
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&* M&isne tlastion arKi. Hysteresis Measurements*
IMo Important mea®ur«©nt» of to© properties

of material® are toe determination of to© normal monetisation 
curve and of to© hysteresis loop* toe theory and significance
of toes© c m s s  are well known and will be summarised only 
briefly* Figure 4s shows to© typical Pom of a norm®I magnet­
isation curve and hysteresis* loop# and a typical permeability 
vs* s;.@g? able force curve for ferrostegnetlo material®* to® 
quantities 'usually determined are shown on too diagram*

Magnetic field 1® usually expressed in oersteds* sad 
magnetic induction in gausses* both quantities having the unit® 
maxwell® per square centimeter* deferring to Figure 4b# % a x # 
is too value of to© maximum field attained# %i©x» to© induce 
tion corresponding to the maximum field* dr 1® the magnetic 
reman ©nee left after toe magnetic field %iax* i® removed* and 
i%* toe coercive force* is toe negative field required to re­
duce toe residual magnetism to aero* deferring to 1iwure 4b* 

is toe permeability of toe material and is defined as toe 
ratio of normal induction to field# s |j* yM0 1® the ini­
tial permeability* which is the limiting slope of to© B-ii 
curve a.® U approaches aero field* maSe i» toe maximum
value of to© ratio*

For magnetic softness it is desirable to have high 
induction® at low field#* or# what 1® toe same thing# high
permeabilities at low fields# and to have low values of the
coercive force* The area enclosed by toe hysteresis loop i® 
a measure of toe energy which has been dissipated in the form
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or boat when the magnetization he8 been carried through on® 
complete cycle, and is gi vmi by the equation

where q 1c energy loŝ s in £rto§ por cubic cent looter of the ma­
terial* It ia desirable to fcsvo low hysteresis losses In &ofb 
me&ue tic materia la*

on th© demagnetisation curve between %  and 1% is often talmn 
aa a measure of magnetic hardness*

hysteresis loop by means of a ballistic galvanometer, use is
made of the ability of this instrument to deflect through an­
gles proportional to the quantity of electricity discharged 
throu^ its eoll* ih# instrument is usually used in the crit­
ically u&mped (electrical) condition, or in a slightly under­
damped condition* IV 1th the resistance in the galvanometer 
circuit of such a magnitude 10 to produce the desired damping, 
a calibration of the galvanometer la made by discharging known 
quantities of electricity through the galvanometer coll and mea­
suring the deflection*

C». &lsotrios!,,Resistivity Measurements*
flie electrical resistivity of a rod of material of 

uniform cross-section may be calculated from the equation

tically hurc U'

ana Bareas# fhe maximum value of the product acoercive

In measuring the normal magnetization curve and
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where ^  Is the resistivity of the iaat@r3.el in ohm© per cubic 
centimeter, ft is the resistance in ohms of the rod between two 
points on it, A Is the cross-sectional area, of toe rod. in square 
centimeters, and L is the length in centimeters between toe two 
point® on the rod. Hesistivlfcy is a specific property of a ma­
terial, and is a characteristic of the material in any shape.

Methods of determining resistivity by us® of the above 
formula vary in the way the resistance between the two points 
along the rod is measured* The resistance is usually quite low, 
in the order of a few thousandths of an ohm, and methods of ac­
curately men® nr ins vary low'reel stances suit be used* Two suit­
able methods of measuring low resistances are to® Kelvin bridge 
and the potentiometer method * The potentiometer method, which 
was used in this work, consisted of passing a current through 
the specimen and through a standard resistance, end measuring 
the volto^s drop across each with the potentiometer* The spec­
imen has attached, to It, or is resting on, two potential leads 
a known distance apart. The potential drop across the standard
resistance, measured by the potentiometer, makes known the our-

vrent flowing through the specimen, 1 * .v—. The resistance of 
to# specimen between to# potential leads may be computed from 
the voltage drop across them, as measured by the potentiometer, 
a s 4** Variations In tills method may be made by substituting 
a calibrated ammeter for the standard reslstence-potentiometer 
combination in order to measure the current and by substitut­
ing a calibrated mlllivoltoeter for the potentiometer in order 
to measure to# voltage drop across toe specimen.

mailto:iaat@r3.el
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D» llxenttoeloctrlo Force Measurements*
The theory of th©moelec ir ie force* and their measure* 

ment are well known and will not be gone into here* It la per* 
tlnent to bbj that the thermoelectric fore® la a structure 
sensitive property which will prohablf change If on# of the 
component motels of the couple undergo©® a structure transfer* 
matlo% a Curl® transformation (ferroMgnetic to paramagnetic 
condition)* or an orderedleorder transformation*
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A# high Frequency Measurement of In&uct&noe and Effective
^ eeM S s b s s*

The Owen1 a bridge u-as used for these measurements*
It measures inductance- in terms of resistance and capacity# 
The diagram shown below illustratea the components of the 
bridge#

De

-o f\y o  
Os c,

The balance equations ere
h s CgH{A - Aa)
C^i^e  ̂b) s CgB 

In order to get values of A - A0 with at least three 
significant figures for the Inductance rang© of 100 - 1000 
microhenrys# which was that found for the solenoid with nag* 
netic rod© inserted, it was necessary to no© a Q<, of at most 
0*001 microfarads* In order to obtain the sensitivity found with 
a balanced bridge, an ft of 1000 ohms was necessary* Using a
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standard condenser for Cg and a standard resistance for R* and 
determining A0 by shorting the Inductance to be measured* no 
calibration would apparently be needed* The 0*001 microfarad 
condenser us fid was of good quality* made of mica* but was not 
a calibrated standard* A calibration scheme was therefore nec­
essary* Far this a standard variable Inductance was used*
The equation for inductance therefore became L ® E(A • A©)* 
Several value® of inductance on the variable inductor were 
used* A-values being taken for each* Using'an A0 found by 
aborting the Inductor did. not give constant K1 s* Concordant 
values of It and A0 wore calculated by solving the equations

L, L: L
R % -  Bc

In Illustration of this the following table and calculations
ar# shown

L - appl*
microhenry®

500
400
500

ohms
545*2
451*8
557*5

(last significant 
figure estimated)

500545*"*W — /i0 400 300

(A0>1 * 78*2
(A0)2 * 76*0
(Ao>S = 74.9

76*4 av*

K* * 1*060 
Eg s 1*066
Rg r 1*067

%  * ?6 ♦ i ohms 
K = 1*067 i 0*001

1*087 av.
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in estimating the error in a given calculation of induc­
tance we may take a typical value of A as 500 ohms* the frac­
tional error in inductance would then do

Hhe maximum error will occur at the email values of A - A0.
A typical low value of A such aa would be found for a metal 
after it has paused throui*h its Curie point is about 220 ohms* 
fhe fractional error in inductance will be equal to the frac­
tional error in A - A0 in this case, or

This is a email enough error to be negligible in the process 
of finding Curie temperatures by plotting inductance fs, tem­
perature* In the calculation of permeability the fractional 
error is inductance, although this tens is squared, has less 
effect on the fractional error In permeability than the uncer­
tainty in the calibration constants as may be seen from the 
following calculation!

The second of the balance equations for the Owens 
bridge enables the calculation of the effective resistance 
of the solenoid to be made* delving the equation through

=.
JLJLA\ x

it will be seen that the siaa of the effective
ci
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resistance and to® reading of to® b resistance decades will 
b© constant* fthen to® indue tune® 1® shunted it may safely 
be assumed that to® effective resistance Is Eero, henc® toe 
reading of B in that ease will be to® value of toe constant* 
Experimentally, a mem®, thermocouple is In tomt branch of 
toe bridge, but sine® its resistance ssay be considered con­
stant to® sum of h % ♦ e will still remain constant# when H 
Is XQQO ohms and Cp and Cg are 0«001 JJ^X condensers, R* * B 
will be about 1000 ohm®# The max l a m  error in the as sumption 
to&t toe effective resistsnee of the shunt is Eero la about 
1 ohm* hence to© relative error in effeetlve resistance is 
about 0#1e#

bine# inductances of from 100 to 1000 microhenrys 
are relatively small, toe frequency of applied osoillation 
must be high enough to make toe inductive impedance of toe 
solenoid an appreciable factor In the sum total of toe im­
pedances in toe bridge* Thus, at 50,000 cycles an inductance 
of 1000 microhenry® lias about 500 ohms inductive reactante* 
Another consideration in to© frequency to be used comes from 
toe minimum penetration of magnetic flux into toe eore, upon 
which the approximat© solution to toe Bessel function,men­
tioned in toe theoretical section, is based* This minimum 
penetration was 0*177 c m #  Thus, with a resistivity of about 
50 ©Icro-ohms per cubic cm* and a permeability of about 1000 
the required minimum frequency according to Maxwell1 s equation 
would be £ ~ J . /" 5033^ x AP*J.P-, = 40 cycle®*V £ / \ O m J  \ooo
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•̂Ith the same resistivity but a permeability of 1 turn requisite 
frequsnoy would b# 40f 000 cycles* 32ms, we see that to take
all possible conditions into eonsideratlon a frequency of at
least 40,000 to 50,000 cycles is needed* flies© frequencies 
war© used throughout,

I*he hr Ids© which was used was shielded from stray 
radiation according to a scheme proposed by J* d* Ferguson CB}#
this scheme together with a Hating of the actum! equipment 
used in the bridge, oscillator, and detector is shown in 
figure 9*

In order to determine the actual field inside of the
solenoid a vacuum thermocouple was Inserted into the branch
of the bridge containing the solenoid* fhi© thermocouple was
calibrated against d*c* current* fine# such a device operate®
on the heating of a very thin resistance wire to which is
welded a minute thermocouple junction, any given thermo else*
trie «mf # generated by the couple correspond© to a given heat***
lug current* in alternating current the heating current is
proportional to the roof mean square current* nones, the d«c*
ealibrating current is equivalent to a root mean square high
frequency current, and if a sinusoidal high frequency current
Is i s m M  the maximum magnetising current pa®sod through the
solenoid may be calculated by multiplying the root mean square
current by J2 » Xhe maximum field genera ted by the solenoid
may be calculated from the equation h * 2'WnIma3E# (cos  ̂* eos <$>$)• 
fhis equation enables one to calculate the field at any point
inside or outside of the solenoid along its axis* §  ̂  and <̂ >g
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arc the angle® by toe point in question with the two 
end psripherie® of the solenoid, 3^az# ia the maxim* value 
of the magnetlain# current in abemperos (amperes/lO), end 
n i® the amber of turns of winding per cm* of length of 
solenoid# The actual distribution of flux in the solenoid 
an calculated 'by this formula end the variation of It with 
current are shown la Figure X2#

fh© perBcabilities of soft mgnetic materiel® rise 
sharply with irati tie field at low fields, and according to 
the equation® developed in the theoretical section on high 
frequency measurements, this should be followed by the in* 
dueianee, end. probably the effective resistance, of toe so­
lenoid# Because of this it was attempted to keep the maxi* 
iryis value of the alternating field eonatent at shout 0#7$ 
oersted®, which corresponded to a current through the
sol#noid of 12 milllajaperes#

la determining toe Curie point from permeability 
(or Indue ta?*ee, is this case) vs* temperature m m suraoumte, 
the question of choosing the exact point on the curve X® 
open to a certs in extent - a®, for example, toother to take 
0c as the temperature corresponding to the greatest nega­
tive slope of toe/* vs# ! curve or to take it as toe tempera­
ture corresponding to complete diaappear&tAce of forromagnetlsm# 
The foraor alternative is more commonly used at present, but 
in this paper toe latter, older method will be followed#
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A versatile a ircmit for than# measurements tts de­
signed which i ermltted, by suitable switching arrangement®, 
the demagnetisetion of a ring specimen fro® about 40 oersted® 
to about 0*01 oersted®, determinetIon of the normal magnetXe®f 
tlon curve at any fi@M up to about 40 oersted®, determination 
of the normal magnetisation at tmu predetermined field®, or 
the determination of the hysteresis curve at ten predetermined 
field® up to about 40 oersteds* This circuit 1® shown in 
Figure 5*

The specimen® were toroidal in form, A toroid !« 
the solid generated by re wiving a circular or square are® 
around an a^is outside of the area* Tim specimen® used were 
square In cross-sect ion, because of the ease with which they 
may be made by casting and rolling out a plate of the material- 
whose magnetic properties are to he determined, ana machining 
a ring from the plat© on e lathe#

flic procedure followed in putting the windings on the 
specimen was Improved as more specimen® were prepared* The 
most satisfactory method was to first Insulate the specimen 
ty a layer of scotch masking tape, a secondary winding of Ho*
50 cotton covered, enameled magnet wire was wound around the 
ring, a second layer of scotch masking tape we® wound over 
tlila, and then the primary winding of Ho# 25 cotton covered 
enameled magnet wire was wound around the ring# ill ter the 
secondary wae put on the specimen, it was coated with a thin
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layer of clear glyptal cementj glypfcel cement was also coated 
over the primary winding* The reason for putting the primary 
winding on the out Bide uf» to avoid the excessive heating of
the specimen which occurred when the primary winding, was in- 
eM® botii the secondary winding end a layer of scotch masking
tape#

The theory of ballistic magnetic measurement® using 
a ha Ills tie galvanometer ®i:ic o ring specimen 1# relatively 
simple# The principles sot forth by f# i;* Sail {£0) have for 
the most part been followed# His circuits have been changed 
somewhat* but are fundamentally the gam## If the ring apeci- 
men has an evenly wound primary winding* the magnet is l»g field 
may be calculated from the equation

1-̂51 I , v>q
where H la the magnetising field in oersteds# Ij, I® the primary 
current in amperes* wp is the number of primary turns* and ^  
is the average elrewmferenee of the ring* According to .1* h# 
Sanford (21) the flux density will b# uniform throughout m 

©ross-seetion of the rings to within 0*3Ĵ  If the ratio of ra­
dial thickness of specimen to average diameter of specimen is 
It 10# this ratio was used la the designing of the ring speci­
mens# rfhe induction on magnetising may be calculated from a 
reversal of toe field by toe eo.uation



ihera S is the induction 1 n g® n m & § Hg is the total resistance 
In ohm© I n  the seeondary circuit Inc luring that of the galva­
nometer* b is the ballistic constant of the ballistic galva­
nometer in coulomb© per mm* deflection* d is the deflection of 
the galvanometer in m * 9 A is the cross*sectional area of the 
specimen* arid t?g is the number of secondary turns wound around 
the specimen*

In determining hysteresis loops the switching arrange*
ment wa® such that the field could be changed rapidly f m m  & 
maximum of SO oersteds to any one of nine predetermined posi­
tive fields* aero* or any of the ten corresponding negative 
fields Including -30 oersted.©* the chan e of Induetion re­
sulting from one of these changes of field may be calculated

^  A B = * 'O8PiUJ>2_
where the quantities have the same significance as is given 
above*

fhe slide wire and parallel reel©tor switching ar­
rangement were constructed* the slide wire was 1 meter long 
and made of llo* 24 ga* eomstaatan wire* its resistance being 
about 1 ohm* fh© slider was made of a ©mall bake lit© form 
containing a pool of mercury to insure good electrical con­
tact between the movable contact and the wire* A meter ©tick 
was mounted below the wire so that the voltage drop could be 
varied -uniformly* 'The resistors in the parallel resistenc© 
arrcivement were so set that the sum of the number whose
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switches were closed gave a primary current equivalent to a 
desired field*- Thu® with the first closed, the field was 
0*1 oersteds, with first two closed, .0*££ oersteds, with 
first three dome, 0*5 ©ereteds, so on* ihe resist*
cnee was set so that teen the switch which aborted the 
parallel resistors was closed* the desired mmximm field 
would be obtained*

flu® .̂roeedmro followed for tee various kinds of op* 
orations woes

f s a, wlon* owitoh aw 1 is throw© to the
right, Ste la at zero resistance, and is set at a position
to rive a current through the primary slightly greater than 
that- eeulwalexut to the highest field to he used* and Eh 2 is
closed* hw £ is reversed at a rate of about 1 cycle per sec*
©nd while is slowly decreased (to the loft)* After Rq is
as far to the left as possible* H*p is slowly increased to
its limit* the specimen is then taken &a completely demag* 
netlsed*

£* Magnetisation.,curve. UainK slide Eire* The 
switches arc kept in the same position they were in during 
demagnetisation* The current through the primary is Increased 
to a vslu© equivalent to tea first desired field, and the re* 
versing awl toil sw £ is reversed about ten times to get the 
specimen in a cyclic state at the desired field* R. 1 is 
closed* bw 2 is rover cod sharply, and the throw of the gal*
vanometer read* 5w & Is reversed, K. 1 closed, and sw £ is
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reversed sharply in the opposite direction, and the throw of 
t h e galvanometer road# (Both of the galvanometer throw© will 
be in the same direction, mi 3 kept In a position to do
this* Xhe galvanometer sera was eet over to the left of the 
scale, ate all throw© wore joaae to the ri^&t* The galvanoas- 
•ter was ©elihreted lor throws to too * $h« current Is
tnen increased to that equivalent to the next desired field, 
and the procedure Is repeated*

he^netlgat joa. curve i s inn I &rail#! Kesistor Ar- 
ran,rmerit* Ke 1 is open# All of the resistances Ixi are 
©pen* Sw 1 is thrown to the left* correspond inn to
the smallest desired field, is closed* tm 2 is reversed about 
ten time© to obtain a cyclic condition in the specimen# & 1 
im closed, aw 2 Is reversed sharply, and the throw of the gal­
vanometer read* fho throw corresponding to an opposite throw 
of sw 2 is then obtained* the next resistor, 1© put
into parallel with the first by closing it© switch, thue mak­
ing the current equivalent to the next desired field* fhe 
prooedure followed for tec first field is repeated* All the 
other ©witches in are closed in turn, thus enabling galva­
nometer throw© to be obtained for each field*

4* kyatareala* f11 of the pexwllel switches are 
opened* E© 1 Is closed, and the field is * fw 2 ia
reversed several times* L© 1 is closed, aw 2 is opened, and 
the throw of tee galvanometer throw read, "w 2 3.© then closed 
to the other side, ana tee galvanometer throw is reed*
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A 6

T h \w 9 A B e&ta is obtained Bor e&oh field* delations 
which pemit the calculation ox and &T are

a B_  ̂ a B + a B, + a B +hHA> \ 2
B - B = a B,+a B?v* ' <L

6 + b  =  a 8  + A B j j .
U j averaging th© data, -»

AC. , t A  + J n8
AO /? X .

V £? .

B
[ ' 2

[AB, y *6VL„. - lA B ' 4 ABn  »VE
r   2

, slat ions permitting ih© calculation of the B*s corresponding
to iijj and to *1%  arc

( B V BMAH, _ A B,
Bv + A  B.

or

( 6 ).

Bai/sX. f Br 1- A  B2. A  B|_

= A8„ - B,
- By - A  83

or rei Hx = B> &Mh* -v h B/f - A B-_ _ _

vue coercive force is found from a plot of the b-h oata oh* 
taineh# ihc rest of the hysteresis loop is drawn from sym­
metry*
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1b estimating tli@ errors of to@a© measurements it is 
easily seen that to© greatest source of error la the ballistic 
galvanometer* to# error in field is relatively small even at 
to© low field strengths* Recording to f* F* wall {§) to© de­
magnetising factor for a ring specimen is aero, and heme there 
are no free poles induced, in toe specimen to reduce toe field 
to a lower value tnan that calculated* If toe errors in toe 
quantities of E s \.zsi 1±±L' are 1^ ta £o*$;», w^ to io*2^, 
and x*v\ to t0*2^# all of willed precisians are easily obtain­
able, toe percentage error in h la

X  > o o  -  o  52 +  G -22 ■+ 0 . 2?  -  o . 5 4  %

toe deflection of toe be111stie galvanometer ©an be read with
a precision of £©*2$ for a deflection of 300 saa* and a pre­
cision of 14^ tor s deflection of 10 sss#,. assuming that 0*4 nsu 
may be easily detected* toe calibration from day to day may
shift somewhat, sometimes me m m h  as Hence toe compu­
tation of from B s x 10®, where toe errors in Ho,
A, and Wg arc negligible will be

x 100 # /2^ ♦ *.2® * 2> maicijmM for a 200 mm* deflection

x 100 * /3® ♦ 4® S 4*6^ maximum for a 10 mm* deflection

Me© euremcnt of
1* Hops f©impmature &oeeuremeafc of resistivity* toe 

arrangement of potentiometer, standard resistance, specimen, 
resistors, etc*, Is shown in Figure 6* toe specimen rests on
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Unite edgee which ere connected to the &&£• terminal® of a type 
K potent iome ter• the distance apart of the knife edge® was de­
termined with a 22 cm* vernier caliper, htarrett i-k>* 102 fil, and 
an ohn-mter connected across the blade®* to©n the caliper® 
had just aside contact with the iaeitie of the bisdee, the ohm— 
meter would, awing from mi indication of infinite re®let®nee 
to an indication of a very am all resistance* fills distance 
plus to© thickness of on© blade wa® taken a® to© distance 
between to© knife edges* Current from a 6 volt battery was 
passed through a current controlling parslie1 set of rheo­
stats a standard 0*1 ohm reals tone#, and the specimen* to© 
double pull double throw switch was set to apply the standard 
resistance potential lead® to the ©of • terminals of the po­
tentiometer, which was set for a balance at either 0-1/2, 3 
or 4 amperes, and toe rheostats were adjusted until a ■balance 
was reached* to# potential lead© of the spectoon were then 
applied to the emf • terminals of to# potentiometer by means 
of to# switch and to# voltage drop across the known distance 
between to# Son if© edges when to# known current was passing 
through to® specimen was determined* toe cross-seetional 
area, of to# rods was determined with © good micrometer cal­
iper, 2-1/2 c«* btarrett bo* 220 *u After obtaining goad 
cheeks as to to© resistance of toe rod at a©vers1 currents, the 
resistivity was calculated from f -  (see theoretical sec­
tion, pert C) ♦ Since A is good to -0. to end X  to -G*l^, 

la good to J^l2~ • 1 = 0*14/**
2* high Tcroorature heasurament of iiesisfclvity* to# 

use of knife edge® or similar devices whose length may be mee-
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eured directly was not considered feasible at high temperatures#
A satisfactory substitute for this typo of potential lea&e was 
a pair of heavy contacts fastens firmly on to the cpecimon by 
net screws* The equivalent length between the contacts r<ms 
calculated from the resistance between them, as me*mured by an 
amnete?*potentlo&eter Method at room temperature, and the data 
obtained by a previous dot erminatIon at room temperature by 
the pot entlosaeter method above# Thu®, ii‘ M was the res Is th­
ence found between the heavy contact© and U that between the 
knife edges of distance apart ji c**. fey the direct method, the 
equivalent length between the heavy contacts is

This length was ssewed to remain constant at the higher tee* 
perature, which It will to 1$ at least# Then, in order to 
make a measurement of resistivity at higher temperatures, a 
current 1 I® passed through the specimen, and voltage 
found between the potential# The resistivity Is

Tb# probable error i,. j , a s k i n g  good to 0.6*. k to

However, the scatter of data will not fee that high since the 
source® of error will probably 1ead to a slowly changing ays* 
tenable error ms the temperature rises#

A single value of current of 3*00 amperes was used 
in all temperature runs#

0.JJS, I to 0.5/i, end 0 to ie / T l ^ b i ®  * .5® ♦ 1® * US#
J s' V/

#
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flat arrangement of gas train, furnaces, and' measuring
appc.ratu© used In making & t©ii.p ersfcur® run of induefc&no&# ef­
fective resistance, and resistivity in & nickc 1-msng© ae cc al­
loy put Into a given itbate of order by prolonged &* © ling at 
high tmi%ereture is shewn in Figure 7* A varla© proved vary 
convenient lor controlling too rate of heating or tnc furnace 
containing the specimen* She procadu.ro followed in aaiiing a 
temperature ran was as follows*

1# fh© resistivity at room temperature was accurately 
detorsaineo. ay to© pot©ntlorneter-k»ife ©dge ustbou#

2* In© specimen was inserted in the solenoid, the 
currant and potential loads *ere f imly clamped, and the speci­
men holder put Into the measuring furnace# fhe apparatus was 
made gas ticht» Thm solenoid leads were inserted into the 
bridge, and the oscillator and detector started*

5# A measurement or resistance was made at room tem­
perature In order to fix the equivalent length between the po­
tential leads#

4* Hydrogen was swept through the gas trsin and ap­
paratus, and the furnace with the tube of copper turning© 
started up*

6# fhe thermocouple potentiometer was set at a de­
sired mill!voltage at which the first set of readings was to 
be taken, and the current through the furnace set at a value
to heat the specimen to that temperature at about 2° C per
minute* shen the galvanometer needle swung almost over to



W
O

'J

47

-r

 *4 **V

F'
6V
J«
t,
C.
 

"V 
At*

 t>
 fc
ft 

VJ 
 ̂
*o

R.
 ~

r^
-W
\^
fc
-R
.^
Tv
ja
.t
. 

Q
v*

HS



48
the balanced position, the rat® of booting, m&a cut damn so 
that the furnsee would slowly coast 0¥#r tho desired tern* 
pcrature, allow lag the measurement© to be .made.

d* fh© bridge was balanced and while the specimen 
was at temperature, the mllllvolt&ge across the potential 
loads was determined when $ amperes flowed through the speei* 
men* these data were then recorded and the heating started 
up- again*

7# Between readings the milllvolta&e across the 
potential loads with no current blowing was determined in 
order t© evaluate any thermal or parasitic emlfs* so that 
the millivolts^;© with current blowing might be evaluated*

These measurements were maS e in an attempt to ©how 
thermoelectric evidence of the magnetic Curl® temperature as 
well as the onset of order* Accordingly* a length of QSB el* 
loy in wire form* about 82 g®u, in a disordered condition was 
fcr&E©d on the junction, or a national Bureau of Standards stand* 
erd chromel*alusiel thermocouple, thus producing two thermo* 
couples: the ehrom©l*alu®eX for measuring temperature of the
junction and the <i$2*almel for measuring the ©isf* of iSB against 
a standard at the east# temperature# A diagram of the arrange* 
ment of the couple© end. measuring apparatus is shown in Figure' 8# 
fh® two couples were put into a furnace and heeted up to B40© C 
at a rate of about 2° c per minute, the ®mf1 s* between 0° 0 and 
f being read simultaneously on two portable potentiom©tore#
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A, Bl̂ ch Frequency*
Tb# osc Ilia tor tss a rather old# tuned*©Irculfc 

Western Electric* ft* 1* 210* It© wav# form m s  not very
pure* but it proved satisfactory for the measurements made*
It could be set at a desired frequency by using either -a 
low or high frequency coil and. a setting of throe mice eon** 
denser decades and a variable air condenser* A frequency 
calibration made by -jLiJ* e i.-> #- V. letter of the bureau of Mine® 
was available* This calibration was cheeked to within by 
mean© of a General Badlo* G* E* 0X3B, beat frequency oacll- 
la tor and an. oscillograph through the us# of Llseejous fig* 
ures* two frequencies war# used in the work* on# at 46*BOO 
cycles and the other at BO*000 cycles*

the detector was a visual cathode ray tub# type 
using a 0E5 tube and is similar to that described by «J'» f# 
Koehler (22)# Its sensitivity was sufficient to detect a 
bridge balance using tne smallest of the resistance decades 
la the bridge*

The Owen bridge was set up on a G* K* Universal Bridge* 
Type 29 3A* which is a "fundamental bridge circuit which can be 
connected to produce a wide variety of direct and alternating 
current bridges11 (2$)* The three variable resistors in it are 
accurate to 0*1*4 except the 1 oha units which are accurate to 
0*25&* end they are so wound that the bridge may be used up to
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Figure S. Shielded Ovren Bridge for High Frequency
Measurements

h n P
RECEIVER

Generator: Yes tern Electric E. 610 oscillator.
Receiver: 6E5 Electric Eye, tvro stage detector.
Shielded Transformers: General Radio Type 5780.
r^ and R: -Decade shielded resistors, G. R. Type 602J.
r: Shielded resistor, (1000 ohm), G. R. Type 602

and C. : 0.001 f Mica condensers, G. P.. Type 107f.
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Figure 11* nolenoM* iiealativlty infects* and. supports*

•fnis ?l#i 1« from the @16# and slightly under­
neath* visible are toe so l e w  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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t©»p©jr©tW© controller* to*re w©* ImhitiUUkl in too olu&fdtai oe-
ssent Insula tion around to© heater®* © blfllarly woimci call of 
wire having a high fctoporoturo a© ©IIiciont ©I reslst&iia©* Ho. 
56' g&» platinum in on© f w m o ©  ana Mo. 26 g»# hytoraeo allay 
in to© other. fh© t«Bj©wtwo controller was a bridge a an­
ti?© lied toyratron ©ireuit* described by M* Benedict (24). 
fhi© controller had exoellent sensitivity* bub ale© an on- 
fortunate ten&ensy to drift « h m  used for long anneals#



VI, MAT1MIAIS AT.b

The rods of uiekel^iaanganeae alloys were srnde of 
elsetrolytie manganese, which is about 99* 6?* pure, {25) and
of electrolytic nickel, Tlioy wore made by casting the alloy 
and swaging into nod forru The data of a m  lysis and the di«* 
mansions of these rods sre riven In Table S#

ladle 5* Miek#l»M^i anese hod Specimens*

* , # *I Analysis I n tom 1© compo s .11 ion I *
Hisaoer * *1lametcr .length

I wt# wt* f *&t, $ j at, ^ T am, ‘ in*

mi 24,4 76,2 26.1 76,9 0,6756 7,5
<*,62 23,2 76,9 24*4 75.6 0,6720 10
W03 21,6 78,5 22,7 77*3 0*675̂ 7.6

Precautions wore taken against oxidation v>i t&e&e rod 
specimens by sealing the®, in vacuum in pyrex tubes during long 
annealing times at elevated temperaburee , and, oy making the 
temperature runs in,a hydrogen atmosphere,

fh@ rilckel-iaanganea© wire used in. the therm©eleetrie 
measurements were iflscl© from a 7 ineh length of w~6fc rod, which, 
by alternate drawing and anno©ling, was reduced in diameter 
until about 60 Inches of Mo, 22 gs. wire was obtained.
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The ring® used In the ballistic measurement® were

also made from electrolytic manganese and electrolytic nickel*
They war# mad# by casting end forging plates of the do aired 
manganese content* From, these, rings of uniform dimension* 
were machined on a lathe, The analyses and dimensions of the
three ring* on which measurements were mad# are Bkmwn it) 
fable 4*

fable 4* &ickel»vtt*ft&ane*e King Specimens.

BIS : B22 : * * 831
Jiim lysis

Manganese, wt* $ 80,1 28*3 21*4Nickel, wt* $ TO* 5 74*4 ?a*e
A tomio Couspo*11 io n

Manganese, at* $> 21*3 26*7 22*8
fsiekel, at* % 78*7 73*3 77*4

In® id# l> lame ter , cm * 8.810 6.160 5.766
Outside Diameter, cm* 6*788 7*408 7*086
hadla1 Thickness, cm* 0*621 0*623 0*645
ftidth, cm* 0*080 1.104 1,018
Cross-sectional Area, cm^ 0*820 0*688 0*657
Average Diameter, cm. 6*131 6*788 6*411
Average Circumference, ca* 19* Si 21*31 20*14

There were three other ring specimens, machined from
the same plates as those above! they are not listed, because
moat of the date was obtained with the above specimens* The 
ring specimena were |roteeted from oxidation during annealing
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b j  k a * p l n &  t h m m  in a U e a v y  iron b o m b '  l e a p t  d f a e m t s i  b y  a  H y ^  

vac pmp*
Xn cos,c of i&e preliminary w o a  a rod of electro* 

lytic nickel* 10 Ineries long and l/4 limb in diameter* wae 
used*



V1X# vii*i ij,t> C»Oiwm b '£& T JL Uid:

A* Temperature Run with Rod 5i
1* dpoelaens 061 {24.4> In, 75,2^ .111) heated at 

600° C 2*l/2 tour® to disorder it, annealed In vaewun 87 hours
at 426-430° C, alar quenched on heaver copper plate#

2, Ecom temperature resistivity!
Current YoItage Resistance
2.500 0,00560 0,00224
5*000 0*00672 0*00224
4.000 0*00895 0.00225s
5*000 0*01120 0*002240Best vain© of H » 0*002240
Distance between knife ed^e® * 15*683 cm*
Cross-sections! area ss ”2 (0*675$)^ « 0*5582 cm® 
Resistivity 9  Sfc£§fiS * 5i*,i8 * 10*'̂15 * 685 CSS2.5

5* Equivalent length between potential leads In 
furnaces
Temperature * 2B° 0
Current 9 5*00 enperes
Voltage s 6.0O j&iXlIvolts

is tana© z 2j59-§£2 « 0*00250 elms5.00
C * £^12252 x 15*36 s 16.10 OK 0.00224

•*• _? s M . m I t * v1 X.0.3586 x 1000 a 7.41 V* l e 5* aC1 X 15. 10
where ¥* is the millivoltsgo across the potential leads*

4* Bridge equations s
X< s 1.067 (A~73) microhenry®
Re S 1050 * B ohm©



S. Alt ©mating field within solenoids 
Frequency * .50,000 ayelee
Vacuum thermocouple ga lira 13011s ter displacement 

with 1000 ohms external m 4#5 divisions
“HuMtS* * 12,5 milllamperee
Irnax* ~ 2 x 12*5 a 17*7 mill lamp ere •
%isx. * 0*8 oersteds 

6* Temperature data, i
1 s t )  d i g i t  r r e q u e u e y  d a t a

f empe ra t ur* £r Idge
‘lime Ef X t ■4ijj A-7# b :
9x10 2.02 38 478 860 402 429 164
9:25 3*00 56 820 844 453 405 180
9|41 4.01 76 807 880 531 500 2040:58 5.00 93 744 771 668 718 255
10:22 6.00 118 863 718 787 840 30#
10:42 7*11 131 997 #49 921 ©85 875
11:05 7,86 148 1015 616 959 1000 408
11 lid 8.74 160 1168 607 10© £ 1157 41711*50 10.00 184 1080 652 1004 1071 372
12124 11*00 £01 1006 059 930 095 565
12145 12 * 03 £80 908 #0© 852 896 66512159 12.81 237 897 #49 821 87# 5751*15 14.11 856 889 #31 793 845 593
If 28 14.93 270 860 #15 784 856 4091*47 16*20 202 845 5S5 709 820 441
2:02 17.05 307 882 566 74§ 766 458
2:19 18.00 824 740 575 #04 708 4492*56 19*00 342 524 #45 448 477 870
2:55 20.00 386 587 740 201 511 284
5:10 21.05 577 275 790 199 £12 254
5*54 82,10 896 241 79# 165 176 £283*50 23.10 413 226 797 150 160 227
4*02 £4.18 481 219 794 145 155 £50
4 *16 28.10 448 217 790 M l 150 254
4*26 26.10 467 210 780 140 140 238
4:47 27.46 490 216 7 B0 140 149 244
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4, Temperature z 31 #0° 0 
6, Datfct

l.i X & <*c u /-\
0*1 0,00512 118,4 155,0 19.8 1,115 865 5850

117.6 Xo4. * 3 16.70*25 0,0153 118*4 180,0 61.3 1.090 1305 5500
118,0 180*0 61.80*3 0*036 1X0,0 215*7 97.7 1.086 2076 4000
117*6 015,4 97.e

0,75 0*0459' 118,0 252*8 114.8 1 * 0c?X 2443 5200
117,3 252,0 114.0I 0,0612 117,5 244,4 126,8 1.078 2676 2075
118*0 246*0 127.02 0,1223 118,0 270,0. 152,0 1*078 5185 1593
1X7,6 269,7 152,15 0,506 117*6 296,5 176.7 1,067 5600 712
118,0 293,8 175.810 0,612 117,9 501*1 185.2 1*066 5810 381117,3 500,8 185.5

2S 0 1,225 117.3 504,3 187.0 1*063 5830 19411©, 0 504,7 106,7
30 1*835 118*0 506,0 18G.0 1.066 58X0 150117*7 304.7 m wm mm

1* 5peeteeni /.« above
2, a inningss />e above 
3* Kquetlon.fi i 

B 5 16*35 I

3 - b *2 d x 10©
&vz

s to1 x 10~€ x £6640 x 108c „ 39.1 b'& 
0.037 x 100.0

4. ‘lemperafcure * 28° €



6* Datai

111 Hg d0 d & H VCrsus 8

30 0 118.0 176*1 6B.1 2500 50 t 3S00
0 -30 118*0 246*0 127,0 3540 0 V# 1420

7840
30 0.1 iibTS 168,7 50.7 ' 2200
0.1 0 117.7 124.6 6.9 500 .1 s 1710
0 -0.1 117.7 162*2 14.5 630

-0.1 -30 117.6 229.0 111.4 4710 -.1 t 800
7840

30 0.25 1 llf.9 151*2 ~ “iBTO^0.23 0 117.3 150*5 15.£ 576 • 25 : 2010
0 -0.25 1X7.4 174,2 56*8 2440-0.25 -30 117.5 184 , 5 67.2 2860 - • 86 5 -1020

7766
50 0.6 IrfTF^' 1653 55.6 1540
0.5 0 117.8 158*2 21.0 916 *» 1 2350
0 -0*6 117.1 128.0 BO,S 3460-0.5 -30 117 .0 160. § 45,5 I860 -.5 ; -2020

7785
30 ~~TT#7S IT7.3 140 3 50*7 ' TSW'"
0.75 0 117.0 143,2 f0.2 1140 75 2 £5600 -0.75 117.0 207.0 V./ , 0 6840

-0.75 —30 117.0 161.9  ̂ , 9 1616 - , ?o 2 -2400
7b*i3~ w ~ ■ .I'". "t x ?;3 ~ l**v̂» 7 26* r 11501 0 117.0 1 i 7 . 6 50.5 1326 1 I 87500 -1 117.1 215*1 SO* 0 4080-1 -30 117.1 146.9 28.8 1265 -1 »* 8 o 6 0
781055“ 2 117.3 XSSTV-"36,4 716

2. 0 117.0 167.6 40.6 1700 2 * 51800 —2 117.0 225.2 108.2 4680
-2 -50 117.5 134.2 16*7 750 -2 a -3166

778530 “XT™.. . TITTo ~■HS37T~ err ' ̂ 805 0 117.0 168.5 51,5 2260 6 2 5640
0 -5 117.0 256,5 119.5 6050
-5 -30 117.0 125.4 6.4 £80 -5 : — W <-.• 0

7820
So ~TT7#o ‘ S.T~~ .120 *10 0 117.0 172,0 55.0 2670 10 *• 5785
0 -10 117.0 240.0 125,0 5160

-10 -50 117.0 119.8 2.8 120 -10 t -57607770
.20.....~ 117X0“ 11*7# & 0*9 4020 0 117.0 173.7 26,7 2440 80 *% 3850

0 -20 117*0 242*0 125.0. ' 5260
-20 -30 1X7.0 117.8 0.8 36 -20 2 -5850

7765



S. fifct* ( c o n t i n u e d ) :

73407840 88008800 554055407738 8448 5520Tir̂lrPip̂r7763 8488 88907383 8470 88887810 2478 55557708 8478 05107880 8810 55107770 8480 52807788 f§oo «v.
OUA
j u s  »ifo StSS

m m

S 0/8 (7800) 5 3800 
8V s 0/8 (3380 - 8430) > 0480



5. O a t *  ( c o n t i n u e d ) :

7840 2500 #3407040 2500 #8407768 244# 5020
778# 24## #800780# 2470 5555
7810 247# #80#770# 247# #3107880 2510 #3107770 2480 #280
77## W T O  *v* 24-00 6188 air# m mliio

SjBejt. S a/2 (7800) S 3200 
a* - 1/2 (6380 - 2400) s 1420



vi xx* mm ma

Am Temperature iiun& on Mickel and $lokel~lftan&a»sse illof8»
1* j|l£ksl* Figure IB* These curves show the type 

of result® obtained by the experimental procedure when a nor* 
mal forroma^a©fc 1© metal* nickel* is heated through it® Curl# 
temperature# The frsqusney used was $1*000 cycles*

2* Slckel^Man&anes* Alloys* Figures 14 to 26*
A chronological list of the heat treatments end data pertain- 
inn t© the results shown by these figures Is given In the 
following tables*
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table 5*. thermal History or the kl-mii Alloy Kccis*

Mesign&tion s specimen. Jiemt treatment

Figure 14 65

Figure 15 mi
24#4g &n

5osled In vacuum in fused silica tab* 
ing* lies tod to 1000° 0 in U hows, 
kept at temperature lor 40 minutes, 
fur ce cooled to 000® C, kept at 
tm A «-* a tare for 1 Hour, mol air* quenched an & metal plat®# Annealed in the temperature ran*,# of 415*420° for one week, and air* quenched to room temperature# Tim run ess made 
on the alloy in this condition, Heat** 
ins i*- hydrogen to 555° € and furnace cooling#
Foaled in vacuum in fused allies tub* 
iag* Masted to 1000° Q in B Maura, 
kept at temperature 40 minutes, cooled to 600° v, kept there for 1 hour , and air«*quenened on a metal plate# iieseal- 
ed in pyrex and accidentally heated for several honrs at 600® 0, cooled 
to 600° C and air quenched* The py* rex tube collapsed around the rod, but the veouum hold, and no perman­
ent damage seemed to have been suf­
fered# Annealed for 00 hours in the temperature range 410*415° C, ana 
air*quenehed• B m  made on alloy in this condition, date was taken dur­ing the heating of the alloy to 404®C on iy, the allay was tHer, furnace cooled. •

'Igur© 15

Figure 17

Ml Alloy in condition after the mu above
04#4 hn given in Figure 15, was slowly heated

In hydrogen to 452® c, mna cooled, at 
the same "rate#

d65 Alloy after run of Figure 14 and
21 #5^ Mn accidentally heated for several hour®at S00® 0, cooled to 600® G, end air- 

quenched# (dee remarks in section on Figure 15)# Annealed for 06 hours 
in the temperature range 410-415° C, and air—quenched* dun made on alloy 
in this condition, heating in hyaro* gen to 422°, and furnace cooling*
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fable 5* Thermal History of the Kl-Mn Alloy Hods (oontd*)*

HeaIgnation t Specimen Heat Treatment

Figure IB

Figure 19

Figure 20

Figure 21

figure 22

Q63 
21*8fa Mu

Q.63
21* m

23.2$ Mu

2.61 24 *4> Mu

21# 5$ Mu062 23*2-' Mu

Alloy in condition after the run a- 
bove, given in Figure 17, was heated to and cooled from 452° C in e hy­
drogen atmosphere during the run*
After run of Figure IB the alloy wue 
heated in vmcuxm at 000° C for 2-1/2 
hours, cooled to 426° C in 1 hour, 
'annealed in the temperature range 423-430° 0 for 87 hours, and air- 
quenched# The temperature run was heating to and cooling from 486° 0 
in a. hydrogen a fcmosphere#
The alloy was accidentally heated in 
vacuum at 800° C for several hours, 
(see remark in Section on Figure 15)# 
The alloy was then g i v e n  t h e same 
heat treatment as Q6-5 above# The 
alloy was heated to and cooled from 
486° 0 in a hydrogen atmoaphere during the temperature run*
After the run of Figure 16 the alloy 
was given the same heat treatment as 
that of Q03 and Q.82 above# The al­
loy was heated to and cooled from 
490° c In a hydrogen atmosphere dur­ing the temperature run*
After run® of Figures 19 and 20, the
alloys were sealed in vacuum and 
heated to 495° 0 In 8 hours and kept there for 0 hours# The temperature 
was lowered to 460° in 2 hours, and the alloys were annealed in the tem­perature range 400-470° C for 94 
hours and air-quenched* ..Data were taken on heating q63 to 161° C and on heating Q62 to 404° C in a hydro­gen atmosphere.
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fable 5* Thermal History of the N i-Mn A Hoy Hod® (oontd*)

Designation i Specimen i Boat Treatment

Figure 25

Figure 24

Figure 23

Figure 26

24*4JS Mn

U63 21*5> Mn

Q62 
25*2^ Mn

Q61
24 #4$ Mn

Sail© Beat treatment a© above* .Data 
were taken on Beating the alloy to 
455° C in a hydrogen atoosphere*
The alloy was heated in vacuum at 
600° C for 50 minutes* Then it was given 16 hours at 440*446° C, 
eooled to 42O0 C and kept there for 7 hours, eooled to 584° C and kept 
there for 96 hours, eooled to 36©o < 
and kept there for 48 hours, eooled 
to 564° C, and kept toere for 40 hours, and air-quenched* Data were taken on heating to 324° C in a hy­
drogen atoosphere#
Same heat treatment aa above# Data were taken on heating to 393° C in a hydrogen atoosphere#
Same heat treatment aa above# Data
were taken on heating to 465° C*



Table 8* fiat* Pertain log to Individual iiune

i /.vers&ehim

ttlekel 663, 168 bra*at 415-420° C. 
«*61, 96 hrs* at 410-415° C 
861, aa above haated to 464° *%85, 96 bra* at 410-415° C MIS, as above heated to 422 063, 87 hre. at 428-430° c 
662 |a© above) Q61 (as above) 
883, 94 hra* at 480—470° 0 
k62 C&s above) 
<*61 (as above) 4,63 alow cool 
to 350° 6 b.,02 |a© above) 
MSI (as above)

C

Type

Owen
n

Mar-well
Owen

frequencycy* see*

81,000
46,500
48.000
48.600 
48,800
46.600
50.000
80.00050.000
80.000
50.00050.000
50.000
50.00050.000

lies ting °C/sec*
Thermal betee 

t Cooling : °C/see*

ca* 2
1.0
1*6
2*5
3*0
1*3
1.0 
1.0
0.81*11*1
1.00.70*9

1.5

1.8
1*4
1*11*4

Time %n Order In (350°-500°C UnEles
ftange

98
62
81
36
85
140122
065105
03955

81

52
as106140



Table 7# Curia iointe and vuantlties derived fro® Suae*

86381*5, Kn

!5*2& Un

Q6124*4 n

168 hrs* at 418-420° C 
96 drs. at 410-415° C Ae^gbov#* heat ad to
87 hrs* at 425-450° C Aa above* heated to
94 hr©* at 460-470° C Slow cooled to 550° C
8? h r t . .  B t 425-450° C 
as E'cove, heated to
94 hr a* at 400-e7vrr uClow cooled to 550° 0
96 hrs* at 410-415° C Aa above* heated to 464? C87 hrs* at 425-450° C is above* heated to 490°c 94 hrs. at 460-470° Cslow cooled to 550° C

50O520

20O400
590

450440570
410

moderate
gradual

very grad-

1556 h 6O0@70 38
1020 501040 47
m B 28185 841000 110
1200 174
@20 46260 501170 190
1050 167
1000 161«§ «t are:3l a&o 160520 26670 160490 170

Slckel 568 500
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C» Ua&netlsation Hysteresis of Hlek,eI-&<M*&aneae Alloys,

a* ti§l# (£1*4$ Mr), 130 tows at 450° C plus 170 
hours at 406° 0# Tkie alioy in a cold worked non-magnet1© 
condition was touted in vacuum to 430° it* about 0 tours#
It was kept at the t tempo re tw o  for 60 tours, after which 
the temperature wee lowered' to 406° C in 7 tours, kept there 
for 170 tours* and furnace cooled to room temperature at al­
so at 1° Q per minute*

b* $51, (£1*4$ Bn), as above, rapidly cooled 
from 4SS0 G* After measurements tod been Made upon 661 in 
the a bo re co obit Ion* it was put In a. muffle furnace at 456° G, 
heated at temperature for 15 minutes, end air-quenched on. a 
heavy copper plat© to room temperature* the cooling rate 
was about 10° C per second*

e# B51, (£1*4/* Mb),cooled through the ordering 
range at S8° € per minute* After the above treatment B§1 was 
put in s muffle furnace at 660° C and cooled according to the 
following ttoe* temper ature data* It will be seen that the aver­
age rate of cooling, in the ordering rang®, 610*680° C, was 
1*9° C per minute*

pec fmen©*

Tim© (min*) I Temperature ° Q
0
4
£8
5646
55
75100116

660
640
§60
§40510
495
460
410
580
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6. 1381, (2S.5* an), 1X6 hours et 440° C. 881 in
the cold worked# coizl.lt ion m j  heated to $00M Q

in m muffle furnace# kept there 5/4 hour a# and air* quenched* 
it was then fee©ted in f i e w  to 440° 6 in 8 hours# kept there 
for 116 hour a# and furnace cooled it C per minute*

e» 611# (2®*lfS Mn)# air-quenched frosts SS0° C*
This epecimen was magnetic in the ©old*worke&# as received# 
condition* It mtkB put into a muffle at 950® C and air*Quenched 
irom that temperature* fh© scale forming from the high-tempera* 
ture treatment was machined off*

f * BIX# (20*1^ Mn)* Bit# (20.1$ lin) # 622 (26*5^ 
arid 651 (21#4^ Mn)# 72 tows at 480° C* Previous conditions 
nil# after air-queneh from 950® Cf Bl2# a© received# machined 
Into rin&j £22* mm received# see chined into ringj B51* coaled 
from 840° 0 at 2° 0 per minute* fh© rings were heated in a 
muffle at 000° C for l/& tour and air-quenched* ftoy were 
then heated In. vacuum to 450° C in 8 tours# annealed at 480° C 
for 72 tours# and furnace cooled#

g» B12 (20.1^ Mn)# B82 (28*8# Mn)# £31 (21.4$ Mn) I 
Slowly cooled to 880° C# Previous condition as of above* the 
alloys were to a ted at 800° C for 1/2 hour and air-quenched# 
they were then heated in vacuum to 660° C in 30 tour a# coaled 
to 440° Q in 18 tours# cooled to 400° C in 8 hours* kept at 
400® c for 80 tours* coaled to 580° C In 6 tour’s# kept there 
for 60 tours# end furnace cooled*



£«ble 9* normal fea&netlftfttlon from -13° C to 03° 0*

1 eduction B la O&ueee* aaa l«im ©ability >A
~SaP~E---- :— W T ^ l F l ---

oe. * 13 Z : t i /~k : « S* * v*C ♦
■ihJ' is yv\ I B i s 1 1 /-\ I I. *

0*1 76 760 M 0 1400 170 1700 220 2200 £80 £800 £06 £950- £35 £8500*25 550 800 5200 865 5460- 940 5760 1010 4CM0 5B0 3920 905 36200*3 1370 2740 1620 5240 1870 3340 1700 3400 1730 3450 1640 5280 1425 £8500*75 18S0 2805 2070 2760 2100 2800 2060 £790 2070 L'7L5 i960 m o o 1635 £200
1 2265 £255 23130 2580 2425 2425 2565 2585 *■. ’ V* 0 2170 £170 1830 1830
2 < * • » * . m  <m rnk nWn 2950 1476 2010 14 0o £6m 1309 £150 1078
£.5 5520 1530 o * i -10 1520 3280 1510 m» m m u m - — m rn m

5 4080 315 5940 700 5870 774 3600 720 3540 im W  - ■= 3040' 608 m m 500
10 4675 488 4850 433 4816 4 £2 3870 387 3670 *.««•> 4 5 26Q 366 £706 £70
20 5020 281 « « . in m 4^20 221 4040 £02 5720 It 7 3400 174 m m 146
m mm mm 4500 134 mm-mm mm mm • * * <■**» m m m * * * * » —

30 m u m -***. *»»**► 4480 149 4120 137 5840 ISO o530 114 £980 102
55 5120 146 4600 131 mm m * mm-mm • * » —
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table 11* Maximum fenneabiliti##*

?#oip«ratijre ; max* *
*  ̂ * ^^/■^aaau

-7a® a 2040 0*75
-10 2750 0*48

0 2050 0*40
m 5520 0*55
02 5400 0*50
61 5750 0*25
m 4040 0*25#
77 5020 0*25#
95 5520 0*25#
115 5220 0*25#

# Approximate * beta Incomplete* be# Figure 45 for bettor data on thm  variation of /^ma*. £*
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table 13# Additional Dmagaetlsatloa of B31#30 hours at 45CP c plus 170 hour a 
at 405° C#

....— . -72® C Aa 116® <
ii I S i ii t

.,.......................... .

Lit

40# 7 5685 50 2530£1,8 5415 20 237610*3 4950 12,9 22306* 24 4500 6*2 20302.53 3550 2*74 17701*02 2015 1*5 15460*755 £765 0.92 1460o.ai E690 0,686 13300*25 2500 0*26 11350*101 2250 0*1 920
0 2110 0 730-0*101 1975 -0.1 250-0*25 1665 -0*26 -710

-0*51 20 —0*680 -1240
-0.705 -880 -0*92 ■-1416-1.02 -1550 -1*3 -1540-2*53 -6150 -2.74 -1775
-5.24 -4140 -6,0 -2015

-10*5 -4880 -12,0 -2200-21*8 —5400 -20 -2545-40*7 -6625 -50 -2550
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fable 14# MjstaresI® Constants of B3I, 50 hour® at 430° C plus 170 bourn at 405° C*

tempera­ture

tsi5.s

Maximum
Field

oersteds

*♦1a:
si

Maximum
Induction
gausses

*#3
is

Kamanenoep
gausses

*!»
4*

♦

4«

CoerciveForce
«0oersteds

40.7 5625 2110 0*68
-13 35 6086 1785 0* 62^
0 35 4930 1740 0*50
24 36 4695 1656 0*25
52 30 4610 1690 0.24
51 30 4090 1430 0.20
C6 30 3800 1530 0.18
77 30 5525 1190 0.17
96 30 2980 960 0.16
116 50 2660 760 0.12
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Cm 331, 21 *4^ M %  cooled threugh tli© ordering 
rax © from 660^ C at 2° per minute*

fable 17* normal Magnetization at 30° €•

ii
oersteds

£ *■* 15 *'tr ** gausses s
# i♦ is• *
i oersted®:

«B «

£&ussee i /*
*1 «*«* «RB>'«M» 2 5 2*3
• SB — e*-** a 9 1.8* 5 «*•* 10 16 1.6*75 1 1*3 20 40 2*01 2 2*0 30 m 1.7

d* 881, 26*3$ »n, 11# hours at 440° 0*

fable IE* norms 1 Magnet last ion at 50° o.

* f * $* #• • *ii s 15 | f ii t
oersteds f gausses g / t oersteds:

*«B j
gausses s /*

*1 10 100 2 372 186*23 as 118 3 852 100• 5 56 118 10 1293 129.73 111 146 20 1775 89I 102 162 30 2050 68
Maximum permeability Mmrn^m ~ at 2 oe*



2.07

Table 19* Hysteresis at 30° €•

II 1 & ** if * B* w foeristeca I pusses * oersteds ; gausses

30 1900 0 103620 isso 83810 1042 —2 363
0 1492 -b -1302 1208 -10 -0381 1171 -20 -1711-30 -1990

Maxima Induction % y,t x 1990 gausses 
Bemaxume# s 103b gausses
Qoerelve force s 4,3 oersteds
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i.00
e* 611 f 20 #1/* in, air*-* quenched from 950° C*

Table 20* fib nr. s. 1  MagnetirafcIon at 26° €*

'U4.X

«♦
•* iB

*
1 ^  \ A Ii

«■m
I ; ^

*1 2 BO 155 27
*86 15 50 10 195 2 0
*5 25 50 20 280 15

1 45 48 50 530 11
2 80 40

nir Kr-T“Jfi -MniM-r’>r»i~im——T‘r-nr’<w-tmnnn« aivnii-rr-nT-rv- -t •»—-r—in  m*  ». • nniimmifniiiiT-irTiTtr • rr

1* 811, 818, 622, and 831s 72 hours at 460 vi.

Table 21* Cornel &cignetl2&tlon at Kooss Tempers t urea •

** » * 
811 * -ip • s BS1il *•** 5 : 5. 5 . r.. 5 t i 8 ; y°V

• 1 48 400 15 150 w 50 «...
*25 169 679 53 212 14 56 «•** **4»
*5 356 712 148 291 30 60 «*«
*75 438 574 232 310 57 76 0.7 1
1 490 490 288 282 92 m 1 1
2 807 307 410 210 821 110 3 1*0
5 780 138 696 119 823 105 9 1*8
10 904 90*4 724 72 841 84.1 16 1*5
20 1050 51*6 805 44*6 1804 60*2 69 1.0
50 1100 57 1000 53*3 1480 40*7 50 1.7

m&x&mma p^mimb Hity,yc\ t

BX 1 $ 840 st 0*4 oerateil. 
6l£f 328 at 0*7 oersted* 
e£2f 1X0 at 2*0 oersteds*
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Table 22# DemagnetlaatIon Data on Bll, BIS and B82 
at Hoorn Temperature of tfce 72 fseur© at 
450° C Anneal of B#

i. »b In g&uesea ; : & In jaaneeea
a s BIX s £18 ; BEE ; fi 1 All * 812 s 522

50 1155 976 1410 -*1 247 227
20 1000 88© 1298 *#26 55 188 694
10 883 715 1126 -.8 *270 45 661
5 755 591 993 *#75 -565 *114 650
2 590 444 862 *1 *422 *202 887
1 508 371 792 *2 *560 •566 399
*75 478 550 788 •5 *726 -550 -33
*5 442 320 743 •10 *860 -688 -620
*25 388 284 730 *20 *1013 •868 *1187
• 1 542 264 4»M» *50 *1155 -976 -1410
*0 502 260 713

Coercive Fore©, 1%:
11 « 0#46 oersted* 

512 2 0*87 oersted, 
B22 * 4#7 oersteds#

Keraanence, Brs
dll 2 502 &*ueaee#
B12 » £50 g&uasea# 
B22 2 715 gausses*
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7. B12* 522, £31 slowly cooled to 380° 0.

fable 23* l̂ orm&l Ba&nefclastion at Uooaa Temperature*

II ! 612 S 
t b 1 yC\ I 8

.822 
t /A.

*

j
251 
J A \

*1 54 540 4 40 565 5050
*25 175 700 10 40 1385 5300
• 5 72B 1444 27 54 £076 4050
.75 1346 1800 48 58 8445 5200

1 1786 1756 60 60 2676 20 75
2 2850 1875 110 58 3185 1695
5 8800 675 269 54 5560 712
10 5820 582 440 44 3810 381
20 4080 204 700 55 8880 104
50 4180 158 885 29.5 8810 150

Maximum pemeability,y6t max# i
B12# 18O0 at 0#S oersted. 
B22, 60 at 1 oersted,
631, 8300 at 0*86 oersteds*

fable 24* Hysteresis at Room Temperature*

fetidS p
r rim j »* * BlllT'* T T S f* » 631” ' "

*6*0 4115 866 5900 -0*1 1470 mm 800
20 4006 707 o8o0 -0.25 1220 mm -1020
10 5820 588 5785 -0*5 140 258 -2O20
5 3400 468 oo40 -0.76 -1020 „«» -24O02 2740 564 3160 -1 -1680 209 -2850
1 2520 320 2760 —8 -2470 141 -3180
0.75 2180 mm 8500 -6 -3300 -71 -3620
0*60 2020 299 2550 -10 -3760 -318 -3760
0*26 1880 *»*» 2010 -20 -4010 -682 -5850
0*1 1600 1710 -50 -41,1© -885 -5000
0 1600 260 M 20
Caere lire Force1 f &c * Rw a  nance,

612 * 0.52 oersted• 612 2 1590 gausses
522 s 4*0 oersteds S 822 S 260 gausses*
651 s 0*15 oersted* B31  as 1420 gausses
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fable 26* formal Magnetization of E31. 2 1 *4  ̂ &n0 -lowly Cooled to 380^ €.
t ro» 51° to 121° C.

Induct ior QmuB&mB mud I #reee olllfcjField 71° 0
at fwpgrttigg 

111° C 121° C

mm 44 1760 68 2260 100 5250 150 4170 108 3440 89 233011 = 0.025 h £ 0.06 k » 0*0906 B r 0.0314 M s 0.0314 1 X 0*0314
0*03 102 204O 137 2740 816 4320 £95 5900 228 4560 130 3600
0.075 105 8470 282 3850 466 6170 865 7140 523 5230 300 4000
0*1 352 3520 539 5390 715 7150 752 7620 343 3430 400 4006
0*15 744 4960 929 0190 1100 7550 1084 7220 717 4780 323 3480
0.2 1046 5230 1260 6160 1370 6860 1288 6340 826 4120 372 2900
0*25 1550 5520 1450 5800 1660 6250 1388 w O O 0 200 5600 624 2490
0*5 1492 4280 1050 5600 1707 6690 1490 4970 260 3170
0*35 1700 4850 1850 5220 1824 5210 1560 4450 — —

0*4 1858 4645 1920 4800 1915 4790 1650 4076 1028 2370 mm —

0*5 2060 4120 2110 4220 2050 4100 1720 6440 1870 2136 760 m m
0*6 2256 3760 2260 5770 2180 5450 1780 2970 mm :<Mrep «■>'«» m—
0*7 2577 3396 2300 3370 2270 5240 1840 2630 1160 

H *
1545

0.75 810E to m* 0*75
0*0 2490 5110 2480 3100 2650 2940 1880 2650 *M* *>•»

0*0 2577 2860 2540 2820 2410 2680 • • — mm — *»«»

X 2605 £685 £630 2660 £470 2470 1940 1940 12X7 1217 845 843
1.5 — 2880 1920 2650 1770 2060 1370 1298 @63 * m *

2 3185 1503 3050 1526 2760 1580 2120 1060 mm mm — n» ew

0*5 <**4N»- 0mm *mm £850 1150 2160 1370 1880 §36 988 325
3 5240 1080 2870 957 m-m mm — mum mm

4 - - 3330 858 2950 752 «— mm mm mm mm —

5 3560 712 3690 665 2800 692 2280 466 1500 560 1080 240
7*5 5400 482 3010 402 mm mm mm —

10 3810 581 5490 549 5080 306 £400 240 m m 161 1230 125
to 5880 194 3520 178 5110 155 £490 125 1734 @7 1400 70
30 5210 130 5650 118 3150 104 2490 85 1778 32 1430 48

« '.there values of E do not correspond to those 0 iven In the f iret colaaa, they 
ere noted unuer the I igures lor b er;.a /*\ *
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2* Disordered fllgtin y i « Alum®!.* Q82 wire, 25*2)$
Mn, i n  tii# cold drawn aejMaa* netie condition# Average rat® 
of heating to 550° C its 2.4° u per minute# Cold Junction 
at O0 C*

Table 28* Disordered 25* Mn Alloy against Alumal* Tberoo* lac trio Force vs* Tanparature*®
degrees # int or n& € ioim lCent igrad® * Millivolts
50*5 0*01
54*0 1.1560*8 1*51
78*2 1*61102.0 2*10
152*0 2.00
180*0 5*01
170*4 5.51201*0 5.87
251*0 4.40262*6 4*96502*6 8*71529*2 0*19
549*0 0*80
567.6 0.96595*6 7.82
418*2 7*91459*4 8.50
405.8 8*91
488*5 9*42
608.5 0*71616*0 10*00
825*0 10*14
555*4 10.40

Thermoalsotrio fore®, disordered through 
ordering, at about 508^ C * 0*0085 mv# par C*

* temperatures considered precise to 0,5° 0, 
and millivoltags® to 0*07 s?«
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5, 2 3 * -Alloy Ordered by Very blow Cooling
Ksiife© vs« Aluael. 11*© tine taken to cool ror* 532° c to 
300° 0 was 168 houra# or nzi average rate of cooling of 1.56® 
per hour* Cold junction at 0° C#

fable 29# Ordered 23.2/b S-n Alloy against Almel* 
Electromotive force vs# femp#Future*

Eegreei T ^ H t e m a O i o M T ’T'* Eegreia ” ̂ ITTat 5r S  t io SST Centigrade t Mlllivolta :'Centigrade t Ji 1111volte
§32*0 10.35 308.6 5*00
526*2 10*24 500*0 4.04521*2 10.15 291*3 4*70
§15*3 10.00 281*6 4.65511*6 9.90 271.6 4.45
505*9 9.78 262.7 4.31497*1 9.50 851*7 4*12
487*9 9.35 242*1 5.97481*5 9.19 232*5 3.85476*5 9.04 222.4 5.69469*6 8*89 212.1 5.52465*2 8*74 202*2 5.58
461*2 8.62 192.2 5.23
456.0 8.47 181*8 5.06448*9 6.30 169.4 £.00443*0 8.16 150*2 2*76
430.9 7.84 148.5 2*60
425.9 7.66 137.2 2*45418*2 7.4© 125.0 2.25410*8 7*50 1X2.8 2*04
402.9 8 7.10 99.6 1.85595.6 6.94 67.0 1.86
588.9 6.78 74.1 1.40381*5 6.60 67*4 1.27
374*4 6.45 62.5 1*18361.1 6.15 54.9 1.03552.7 iv.©8 46.6 0.92
544.8 5*81 45*9 o.ea
536*8 5*63 38*8 0.76
528*8 5.50 31.0 0.65
620.1 6.35
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4• Difference Data between LI Bordered arc Ordered 
2  C'» 2/>? fcn /•«1 I o y  »

Table 50* Eotf. Difference vs. Temperature*

jJê FScTir̂  : Ordered ;
; î .rade ** .. ®1..... . ...r.?... __«£._._.s. ©
500 5.65 4.96 0.69
510 5.83 5.13 0.70
520 6.01 5.52 0.00
550 6.20 5.51 0.6©
540 6*40 5.72 0.08
550 6.60 5.95 0.67
560 6.80 6.13 0.67570 7.00 6.34 0.66
580 7*20 6.57 0*65
590 7.39 0.80 0.59400 7.58 7.04 0.54410 7.78 7.29 0.49420 7.98 7.58 0.40
450 8* 18 7.86 0.55
455 8.28 8.01 0.27
440 8*39 8.10 0.29
450 8.59 8.35 0.20
460 8.80 8.59 0.21
470 9.01 8.89 0.12
480 9.22 9.17 0.05490 9.42 9.42 0.00
500 9.04 9.04 0.00
510 9.80 9.86 0.00
520 10.08 10.08 0.00

&• Calculations of ierroeabillty from Indue tanc elites la t i v i tv 
Data.
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2 * ict-smfimtfoii of Constant * K*
a* From experimental data on non-m&gnetlo rods

K = ( i r e ) 1^ TT r
•Frequency * 46,500 eyelee
Area of solenoid a 0*757 cm*
Indus te x*c e of so lenc id

(1) m Oo aured, —̂ — ll.E«8 ii
(2) Calculation from Imgaoke** 

formula, s 115*8
formula t

L M l U l
°'l 5 1

Motes L. $ measured, was used because tke quantity 
1 L- /w\  ̂d is a difference, and any abso­lute error will be eliminated*

fable 51* Evaluation of Constant being Ron-Magnetic Hods#

Kon-Magnetic ftods
i Heals- $
i tivity : Hsdiu© $ fiffluet- 

anoea
**
*- * K*# J t

* -7- / C m 3„ f,
r

..
# 1 f♦ — WV 4«Mfc ****wi»w»M» i;**ĉi**w* i*aiI /aK ; L  c_

/A K
f.«»
♦*

0—54 • 5w/fa J&n, o7f-w bu 176,2 0,633 109,7 60*7 0.0B0
K-29J 72. 5£ M0,2?*5ji Qu 151*9 0*3225 108*0 64.0 0.080
H-84 i 40a Hu, 4 Q a  Hi,20^ V 142,8 0,338 105*2 59*4 0.077
it-25$ 9Cp Mm, &% Sn.

5^ Gu 146*6 0*355 109*0 60,2 0.008
M-20* 50^ Mn, 5$ A l ,

4 5 a  F e 121*9
ir' "xr'7r~7rArr~~*m

0*338 105.7 80*6 0.072
Average IT * 0.075 i 0.006 (A. ~.)
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4* Comparison of Keault* with l>» C»

file ball!otic data which comes closest to the condition© 
holding for Q63 in the above calculation® are those of B31 
(2l*4;& Mn)# 50 hour® at 430°C• ♦ 170 hour© at 405° C* Figure 
28 shows the permeability at 0*75 oerrted found for the al­
loy at temperature* from 72° to 115° C*

#Brrsta* Figure 47 Incorrectly 
©how© this point a© 
2550*

If Variation of Induct*nee and Effective Resistance with

Table 55* Temeebllltle* from Ballistic Bata
for Comparison

reaperf?. ture: X © rates c
f . , ,i, at 0*75 oe*

20
40
60
80
100120

2740***2610
2780
8520
2120
1700

>p e c  linen rod I C65 (21*5^ M n )  64 hour® at
425-430° C*

■ncy » 50#000 cycles*
ield equ*tlorn

hi — 2. IT t\ X C 0 1 — 0̂ )̂
= 2 TV X 2 ^ 4  ( ° -^5 + 0 . ^ 5) I
- 44*8 X oersteds at center
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4* Lata.
T a b l e  54* V a r i a t i o n  a f  L and lie with Ja# F* Field.

. _  —  s" if f iallva11'11
Field s Induetarn® t Besistanee

a
iThermocouple s Current.. t

mi';-<TiniLC'nn- '-TD-nitT vir-T t:1 (r.m.e.m  • t me. :S dim' jL - .I s ? ___ 1
4*5 6*4 0*60 9 M 408
o#7 8.1 0.37 030 418
6.1 11*0 0*40 ® m 429
8.0 14*1 0*80 ©79 466
1O.0 14*1 0.68 804 404
11*0 10*7 0.78 986 510
12.6 17.7 0*80 1000 51®
14.6 20*6 0*98 1007 656
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A* liie ‘i'TOftgftture Huns*
fho magnetic properties shown by moanuroaenbs 

or the inductance oX a solenoid with a. ferromagnetic cor#
were in tlm precent case limited 'by th© fact that the maxi­
mum value of the alternating £leld tas hold constant* Hfce 
complex nature of permeabilities et constant fields versus 
temperature is shown by the curves in .figure© 28 and 44, 
which war® derived Prom ballistic magnetic data* fills com* 
plexity 1© particularly the case at the low fields of less 
than 1 oersted, which were the magnitude of field® gener­
ated by Urn solenoid* Banc®, only a Halted picture of the 
soft magnetic properties of the core material may be ob* 
ta ined £ fob Indue t a nc e* t emp e rs t ur e me a suresie at a *

It was indier ted in the theory of Section III A 
and experimentally demonstrated in the results of Section 
VX1I B that peraeabilltlea may be calculated from indue tane#«» 
resistivity data* hence, when the inductance is mentioned 
in ‘the following, It can be taken as a measure of the per* 
me&bility, being, proportional to the square root of the 
permeability, and capable of being calculated by the equa­
tions of Section ¥1X1 B*

lure ferromagnetic metals, as distinguished 
from ferromagnetic alloys, exhibit a normal behavior of 
permeability versus temperature, which is well Illustrated
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by the results for electrolytic nickel in Figure 15# Here, 
lmctecce 1® plotted versus temperature. The Inductance 
increase© gently with teiap© nature until temperatures ap~ 
r roe. ©flag the Ourle point ere reached* Pa the Curie ro-int 

approached, the Induet&rio* increasea sharply la a 
mum* and fall© practically vertically to a cons twit value 
eorr© a pond izig to the non^rrf.netic induct a sice value#

Also plotted in Figure 13 ar# the resistivity* 
temperature data and the effective reststo nee** t#*; ;©r&tur© 
data of th© nickel rod specimen and, the solenoid with nick* 
#1 ©or© on being heated* it has been stated in 5cotton 
III A that the effective resistance ?»as a measure of the 
hysteresis and eddy current losses in the core plus the 
losses in the sol©boid winding itself* It is reasonable 
that the course of the effective res 1st©noe-1 «&xerature 
curve should follow the course of the if*du©t©nee-*tempera­
ture curve, as seen in Figure 15* This is becsuKe the 
area of the hy at ere a la loop traced out by the high- fre­
quency field will probably increase as toe permeability 
lucre©sec, the coercive fore# will not change much, and 
%ax# will increase since roughlyy<A# Ifelfeau  * Thus, it*̂RtS>36
is seen in Figure 15 that the effective reei?-larce follows 
fairly well the course of inductance, even showing the 
sharp incresc© juat before tae Curl© point* The increase 
of after the drop at the Curl© point is due to the high 
temperature coefficient a I real stance of tit© plstinm. wind­
ing of the solenoid# The resistivity of nickel as shown.
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%n F ig u r e  15 illustrate© the well ksom experiments! facte 
that the temperature coeff i© lent la high end there la a 
alight discontinuity at th e Guri© point*

l £  the point of maximum slope of the permeabil­
ity (or Ijh&ucfceno©) curve versus temperature were taken as 
the Curie point of nickel* the value of Gj^from 15
would he S§8° o* out* as .lia been stated before* the sore 
©Id—faunioned notion of taking the Curie point at complete 
non-magnetism has been used In this work* Wi iu©
taken- was 568° 0*

Temperature data on an ordered nlckel^manganose 
alloy are shown in Figure 14# The alloy* G.65 {21#d;» kn)* 
has a composItion on the nickel-rich aide of the theoretical 
superlattice {23#f8i Mb)* Evidence that it has Decode ©r* 
dered by the heat treatment of 166 hours at 415^-420° C 1© 
given by the low electrics! resistivity at room temperature 
of 65*06 x 10 Q oirns p©i* cm** over its pre-trsatr'C^t resis­
tivity of 60*2 x 10-** and by the fact that it was ferro­
magnetic after treatment and non-m&gnetle before# Both the 
Inductance and the effective resistance curves show that it 
is possible to completely destroy the ordered state by heat** 
liig to a sufficiently high temperature* 505° G in this case* 
The observation of the temperature difference between the 
Curl© point and the critical ©rderisg temi'-eratur©, which was 
brought out by B# Thonpron (2) and hcya and Makayam© (5)* 
was checked by the data in Figure 141 The ordered state 
was established by prolonged annealing at 415°-420° C*
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and jmt the Cwi« point for the alloy In this condition was 
at e lower tampers.turn, 320° C. The course of the cooling 
curves of L  and H*, which ©re characteristic of the alloy 
heated to 530° C, follows the portion of the heating curve 
of the annealed alloy beyond the Curl© point, establishing 
that the alloy has become non-magne11c» The approach of 
the alloy to the Curie point, as shown by the L  and a# 
curve a of Figure 14, is gradual compered to the approach 
of nickel, as shown by the same curves in figure 13# The 
resistivity curves in figure 14 chow that the resistivity 
of the ordered alloy is lower than that of the disordered 
alloy at temperatures below the curie point, and that the 
disordered state (cooling curve) follows the course of the 
ordered state (heating curve) above the Curie point*

Figure 15 gives heating data for sn ordered al­
loy of higher sian, ©ness content, Q61 (24*4# Mb ), on the 
mangenese-nich side of the theoretical superlattice* An­
nealing 9-6 hours at 410-4Id0 C was sufficient to well 
order the alloy, e« is ©hown by the low room temperature 
resistivity of 51*02 x 10**̂  ohms per m,®* The Initial
inductance its quit© low, compared to the ordered 21*§56
Mn alloy, but it picked up at higher temperature®, and ex­
tended over a larger temperature range to a Curie point of
460° C. This vslu® of the Curie point Is the one given by
Thompson (2). The peak a m  dip in at and after 150° C 
has no particular s* 1 Iflcancc other than It is the
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consequence of following the L*curv© which showed a rattier 
sharp peak st 130° bj a© tea been montlonod, k#f tnaleating 
magnetic lessen* .follows L , which 1© a measure of perme­
ability* the ©leetries! resistivity curve started, leveling
off at tli# Cur it point, In agreement with Kaye and lakmya^B1© 
work (3)* fhe boating of this alloy was taken just to tbe 
Curie pointj no data were taken on cooling*

The fa©t tiiat the ordered state of these alloy© 
is little affected by beating to, but not beyond, the curie 
point, la illustrated by figure 16, which &.ive» data on 
boat log end cooling the b.61 alloy after being cooled from 
the preceding run, figure 16* fhe curve© in Figure 16 are 
very similar in ©hap© to those in figure Id, indicating that 
the atate of order as a not affected mueJa by the previous run 
to the burl© point, a result quite different from that shown 
In Figure M f where the alloy wti heated above the ordering 
range and was made non-magrj©tie a© a consequence* Close «x» 
aislnatlon of ei^ure 16 show© ciiff©reuses from Figure 16*
The Curie point is lower, 430° C instead of 460° 0, and the 
room temperature resistivity is higher, 54*09 x 10*^ in** 
stead of 61*02 x 10~®* fills indicate© tentatively that the 
state of order which resulted from an annealing of 96 hour© 
at 410*415° w# given numerical measure by a room temperature 
resistivity of I 61*02 x 10m®$ was lowered by heating 
to 464° C, because now § * 64*09 x 10*^* This observation 
that the state of order can be lowered by heating to higher 
temperature in the ordering rang®, resulting in lower cwie



points, is bora© out by subsequent data, fill© idea is op­
posed to the conclusion of Thompson (2), mho states tf»«* the
critical temperature for the ordering pro-cess is about dlCP 
Quenching effected from above this temperature preserve® 'til© 
disorder and tbe paramagnetic state* oelow it, the degree 
of order and, correspondingly the saturation magnetisation 
at room temperature* increase as the annealing temperature 
is reduced, tout for all states of order the Curie point is 
in the neighborhood of 460° C*ff However, Thompson1© conclu­
sion above had reference to alloys put into order-diaorder 
equilibrium before being quenched to room temperature, while 
the conclusion arrived at from the present data applies to 
non-equilibrium, lower degree® of order brought about by 
momentary reheating to higher temperatures in the ordering 
range* Also in Figure 16, it will he seen that there is 
very little difference in the Curl© point® and in the re­
sistivities on heating and cooling, principally because the 
alloy was heated to Just past the- Curie point, and not a® 
high as in the previous run, fhe shape© of the L  and 
curves on heating and cooling arc slightly different, but 
this could easily have been the result of small differences 
in the magnitude of the high frequency current, because of 
the sensitive response of inductance to magnetising field in 
these alloys* Also the resistivities on heating and cooling 
were the same, and did not diverge at the Curie point, as 
they do when, the alloys ere heated higher*
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The type of was discussed for 061 (S4*4> Mu) in 
Figures 15 and 16 are given in Figures 17 and 18 for m$3 
(21*5$ Mn) * Here It can bo seen that the ordered structure 
is very little affected by heating to 428° C* sine© the 
curves are the sane In the two figures* Heating the seise 
alloy to 555° C made It non-magne t Ic , ee wee shown In 
Figure 14* Heating to 422° C* a temperature slightly 
greater than the annealing temperature 410-416° C* evi­
dently did not lower the degree of order, and perhaps may 
have increased it slightly because f  after heating to 422° 0 
was 59*32 x 10"® and before was 60*52 x 10"®• The cooling 
curves in Figure 18 indicate that the degree of order of the 
alloy might have been lowered by heating to 452° C during 
the run* because L  and ii$ on cooling lagged behind the heat­
ing curves* the Curie point of the cooling curves being 270° C 
while that of the heating curve© is 300° 0*

More conclusive evidence on the above point© are 
given in FIgures 19, 20* and 21* which give data for three 
alloys w6£ (21*5^ Mb}* MS2 {2ZmZp m) and 061 (24.4^ Mb)* 
annealed 87 hours at 425-430° C* This data was taken on 
being heated to and cooled from 480-400° C* a tesserature 
quit© close to the critical ordering temperature* The re­
el© tivity data shows that the degree of order was lowered 
by heating the ordered alloys to the®© temperatur©a* The 
I—  a m  Ee curve© ©how that the Curie point© have been 
lowered considerably by heating to these temperatures* The 
Curie point data taken from Figures 10* 20 and 21 (see 
Table 7) was t



q.8 3 (21# 11)
Curie point after annealing 320° C
Curie point after heating to 486° O' 180° C

C„oi ( Mil/
Curie point after annealing 560° 0
Curie point after heating to 46 2 °  G 260° G

G&l {24*4,0 Ian)
Curie point after annealing 440° 0
curie point after heating to 490° C 430° 0

The curves, marked L  -cooling and K@-cooling, were revers­
ible characteristics of the allots in their lower degree of 
order, and could oe followed on heating and cooling without 
change in magnitude or shapej in fact, the lower temperature 
data, below 100° C, were determined toy heating the alloys from 
room temperature on the day following the run because the 
furnace cooled so slowly at these low temperatures# The be­
havior was definitely not temperature hysteresis phenomenon 
such a© is shown toy iron-cartoon alloys, Hopkinson1s iron- 
nickel alloy (3Qh Pe), and some others mentioned by T* P*
Wall (20) and other authors* A striking aspect of the re­
sults for the present alloys in the slightly disordered con­
dition produced toy the momentary heating to high temperature 
Is the fact that the Inductances rise to quite high values 
at low temperatures even toough the Curl© point was lowered 
so markedlyj this Is particularly true for Q63 (31*5^ Mn) as 
shown in figure 19. Also the inductance and effective re­
sistance of the slightly disordered alloys show a smooth 
variation with temperature, while the annealed alloys show
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ft characteristic d 1 soon t inucms variation# A X m $ tho reals**
fcivity on cooling diverged from that on hasting anti ih® 
break in the curve on heating occurred at about the uuri® 
point# the feet tnat the resistivity curves have deviated
so markedly even though th# alloys are still appreciably 
ordered indicates that such deviation is no proof of com­
plete disordering#

It Is evident that treatment at temperatures high 
in th# ordering mug# has a potest effect on the magnetic 
properties* ho far, data have been, discussed on alloys which 
have been ©mealed. at relatively low ordering temperatures 
or which, after such aim®©ling, have been heated momentarily 
to high ordering temperatures* f © effect of prolonged an­
nealing at high, ordering temperatures on , M## and ^  is 
shown in figures 22 and 83* Th® degree of order has been 
lowered undoubtedly by the high temperature treatment, but 
the striking feature of the data la the low values of Induo- 
tunes attained# Q63 (21#b> hn) was scarcely ferromagnetic 
after prolonged annealing at 460-470° b* Q62 (2S#2;£ Mn), 
also on th© nickel-rich side of th® superlattice, showed 
very low inductances over the entire heating range, cut it 
is Interesting to note that its Curie point was as high as 
it ever was In th# low tesiperstur© annealing# 161 (24#4jl Mb), 
on the manganese-rich side, showed in 1Igure 83 lower induc­
tance values than in the previous anneals at lower tempera­
tures, tut relatively higher values than that showed by th© 
two alloys on the nickel-rich aid©! the Curl© point, 410° G,
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w&® lower tban wzimi snn©aled at lower temperatures (Figures 
16 and 21} or lower than, w h e n  alter these anneals it was heated 
to 464° C, tut It was higher than when it was heated to 4&0° U 
(see Figure 21)*

Since apparently,, higher Inductance values ©re ob­
tained by annealing at low ordering temperatures, about 400°- 
420° €, where according to theory and. experiment higher de­
grees of order ere attained, an attempt to put the alloy© in 
as high a degree of order as possible by low temperature an­
nealing was made* According to Kaye, and imkay&mm (5) the 
only way to attain equilibrium, degrees of order at any par­
ticular temperature Is by extremely slow rates of cooling 
through th© ordering range from 600° C to the temperature, 
arid, that below 300° C no further alteration In the degree of 
order can be made by continued annealing* Their procedure 
was not followed exactly, as may be seen In Table 6 for 
Figures 24, 26, and 26f a discontinuous rat© of cooling was 
employed, whereby the alloys were given 16 hours at 440°- 
446° C, cooled to 420° C and kept there 06 hows, cooled 
to 566° C and kept there 48 hours, cooled to 554° C and 
kept there 40 hours* The result® of this anneal arc shown 
In Figures 24, 26 and 26* It can be seen that Q63 (31*4#
U n )  and w6B (83*2# Mn) attained fairly high Inductance 
values, but that Q61 (24*4# M») had quite low Inductances*
This indicates that the temperature® at which the longer an­
nealing took place was too low for U01, but sufficiently 
high for Q63 and Q62 in order for the order-dl&order trans­
formation to take piece to a reasonable extent* Evidently 
the temperature range in which the rate of transformation



la sufficiently high to promote e degree of order appreci- 
ably close to to© equilibrium value la highest tor MSI 
(24*4^ Mn}, lower for MS2 (25*2^ in), and lowest i or h65 
(21*bg Mb}* fill® observation 1® not ©backed by kaya and 
J*akeyama# s results a® shown Is figure 36, the curve of f0 
vs* ^Mn, where to# higher manganese alloy® ere seen to have 
lower critical ordering tamp era fcur o a *

The shapes of the imuefcence end effective resist­
ance curves are quit# characteristic for each alloy* Thus 
for in a well ordered condition, there is a maximum In
Inductanc® at about room temperature, which Is followed by 
a fall with rising temperatures, a leveling off, and a sec­
ond fall to to© Curie point* the Inductance of q.61 in the 
well ordered state has quite low values at room temperatures, 
rises rapidly to a peak, fails slightly, levels off, and then 
falls sharply to the Curie point* The inductance curves on 
heating the well ordered alloys momentarily at temperatures 
high in toe ordering range are quite chars cteris tic» too, 
showing a smooth and continuous variation with temperaturej 
these curve© are steepest for the higher nickel content al­
loys* attention is also Grits to the type of curves found 
for the alloys annealed at high ordering temperatures, as 
shown in Figure© 22 and 23*

It 1© believed that toe exposure of toe rods to 
oxidation and silica contamination mentioned In Table 6 for 
figure® 15, 17 end 20 had a deleterious effect on the in­
ductances found, because M>3 (21* to kn) never again showed 
quite as high Inductance values as It hid in the rim shown
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in figure 14, which was mad© before the annealing ml simp 
occurred*

On comparing the Curia pointu of the well ordered 
alloys* && ©down In Table 7, with those found by jrevioua 
Invest!* >ators* lay* and Rusaz&azm (1) end 1:U Thompson (2)
(see i lvw ©  2c )f ana Kay a ash Mahayg.nt (3) (see Figure 30), 
it will he seen that the Curie points in the present in­
vestigation checked host with those of Haya and Uekaysism, 
as shown ifi their curve marked II. , •

g» Magnetisation and hysteresis of Mlckel-Mea&aneae Alloys#
Extensive data was taken on B31 (81#4jl Un) In a 

fairly well ordered condition* beeause the temperature runs 
had indicated that the alloy of this composition* Q65 (21#©^ 
Mn)* had its maximum in soft magnetic properties at about 
room temperature# fables 9 to 11 are magnetisation results 
and fables 12 to 14 are hysteresis results for the alloy 
when put into the ordered state by annealing 50 hours at 
450® C followed by-170 hours at 405° C# Figure 27 was 
plotted from valuea in Tables 9 and 10* and shows the 
strong dependence of permeability at low Held® (less than 
1 oe#) on temperature# It will be seen that these perme­
ability curves were shifted up and to the left mscl then 
down and to the left with increasing temperature from -72° 0 » 
to 115° €♦ Another way of plotting the data in Tables 9 and 
10 is shown in Figure 28, in which the permeability at con- 
start field Is plotted versus temperature# These carves 
are the direct current equivalent of the high frequency
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Inductano• curves already discussed. The data for the higher 
fields are shown in Figure 20 in th© form of B~K curves for 
the various temperatures# hero again the strong dependence 
of magnetic induction on temperature is apparent, IF# rapid 
decrease of Induction with temperafcur© is indicative that 
the C w l e  point is feeing appnotched# although the temperature- 
Inductance data show that it will not fee reached until 280°- 
500° Cm Comparison of these results for this particular an­
neal with the properties of common soft magnetic mat©rial®
128) shows that unusually high Induct Ions at low fields have 
been attained* These Inductions are higher than those of 
coition electric sheet* silicon transformer sheet* Armeo iron, 
etc,* hut lower than the special alloys, permalloy and hiper- 
aik, and vacuum fused, hydrogen purified Iron# The inductions 
at higher fields are comparatively low, however,

hysteresis data on the ordered 831 alloy, for which 
the magnetisation results were discussed above, are shown in 
Figure® 50 to 58# The aoft magnetic properties are further 
illuatrr ted by the low coercive forces shown* Ilyater®si® 
date w«re taken efc temperature from -72^ to 115° C in order 
to make a none 0000-lete picture of the metric tic properties 
of et least one of then® ordered alloys* The sugary of the 
data, in Figure 55, shows that the remanonce, br, falls with 
increasing temperature, as does the normal induction at 30 
oersteds, &£0* but at a less ray-Id rate, Also th© coercive 
force falls with 1noreasing temperaturn, being th® low value
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of 0*26 oersted at room temperature end the still loner 
value of 0.12 at 116° C* hnXortmmtely , all of the data
was not Imkmi for a maximum f laid of 30 oars tods* tkm® 
bobo of tia® data Hated In fat la 14 is not shown In Figure
V19>*

A second rii'ig of too same composition as that of 
£61 ires annealed alo&& with It* fata taken on this spool*
»en closely cheeked that of B&l, and were not included In
the x5©suita*

It was thought that rapid cooling from the order* 
lug rar^o would improve the magnetic softness of the ordered 
alloy. The ordering heat treatment of the alloy discussed 
shove was concluded by ©low furnace cooling in vacuum* After 
the measurements war® mad® on it in this condition, it was 
reheated to 430° 0 and rapidly cooled, on s heavy copper plate* 
the normal magnetIssafclon and hysteresis results at room teas* 
persture for this alloy are shown in Tables 16 and 17* the 
fact that th© magnetic properties have not been appreciably 
changed may be verified by comparing th# results with those 
of tables 9 and IE*

It was thought from th# high frequency data on 
£63 in Figure 19 that a cooling through th© ordering range 
of 2P 0 per minute would result la the type of permeability 
versus temperature curve Indicated in that Figure. Later 
con® Xderet Ions drought out that th® Important factor in 
bringing about this result was the temperature to which 
th® ordered alloy is bested, since the desired properties
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depend on a alight disordering of a well ordered structure, 
instead of a complete halloing up of an ordered structure by 
cooling through the range* The very feeble magnetic state 
of the specimen after being reheated to 600° C and cooled at 
2° 0 per minute la l̂vcrn in Table 17* The Induction was only 
52 gauss at 50 oersteds, or a magnetisation, 4 Tf if of 22*

i,ata on an ordered alloy of higher m&ng&nese con­
tent than a a s yet been discussed is shown-"by Tables 18 and 
19 mid in Figure 54* The alloy, B21 {25*3$ Mil), on the man­
ganese-rich side of the super lattice {25*8/* Mn), was annealed 
116 hours at 440° C* The normal magnetisation results shown 
are quite different from, those of 851 (2X*4g* S£n)# being much 
harder magnetically* The permeabilities are low and reach 
a maxJj&uas of 186 at 2 oersteds| the Induction at 50 oersted® 
is 2050; and the coercive force Is 4*5 oersted®. This ob­
servation that X*5g Mn above the well ordered alloy
is quite hard mgnofcioally end 2.4/» Mn below KlgMn th© well 
ordered alloy Is v&rj soft magnetloaily Is worth stressing*

dll {20. IS  Fm) had more nickel In. it than any other 
of the alloys Investigated, except BX2, which, of course, had 
the earn© compos ition since they were machined from th© same 
plate. These alloys had enough nickel in them to be ferro­
magnetic without heat treatment* In order to b© sure that 
the perfectly random, state was f erro&o&ne tI©, Bll (20.1^ un) 
was heated to 950° C and air-quenched to room temperature; 
Table 20 stx>ws the ferromagnetism to be weak. However, th©
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othe? s p e c o f  this composition, 312, did not receive 
this high temperature tr©&tment, and it© consistently 
poorer magnetic properties, as shown by data to be dis­
cussed, la believed to be due to this difference in heat 
treatment*

The anneal of 72 hours at 450° G on Bll, E12 (20*1^
In}, o22 {£h*5,a Mb) and B51 (21,4^ Un) is at a temperature
fairly high in the ordering re%e, at least as far as the 
nickel-rich alloys are concerned* Th© normal magnetisa­
tion data on hZl shows that only a feeble ferromagnet ism 
has been attained, very similar in magnitude to that In
Table 17 for th© same alloy cooled from 060° C at 2° C per
minute. Yet tiie alloys on th© two sides of B31 developed 
appreciable ferronagnet1 am* This was expected for the high 
manganese alloy, 622 9 from previous high frequency data, hut 
the appreciable ferromagnetism of the 80*1^ Mn alloys, Ell
and E12, must principally be elite to its normal alight ferro-
magnetism becoming greatly enhanced fey the slight superlat­
tice formation* The magnetisation and hysteresis data are 
plotted In figure# 30, 30, 37 and 3o* it is seen that Ell, 
tne alloy which had th© high temperature pre-treatment, had 
much better ©oft magnetic properties than B12, not pre­
treated* Thus, a a is recorded, in the result© 5

Maximum permeability5
nil, px*e-treated at 950© C 840 at 0*4 o@*
£>12, no pro-treatment 523 at 0*7 oe*
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Coercive force*
Eli, pre-treated at 950° 0*46 oe*
ii!2f no pre-treatment 0*57 oe*

T ha a a properties are not particularly high, as far 
as soft magnetic properties go, Cut they show the relative 
effect of a high temperature pro-treatment* ill© fact that 
th©ir soft magnetic properties are relatively poor is fur­
ther evidence for the contention that alloys ordered at 
high temperatures in the ordering rang# have poorer soft 
magnetic properties than those ordered at low temperatures.
BSE, a high manganese alloy of 25*3f? Un, developed hard mag­
netic properties from th# anneal; the data are shown In.
Tables 21 and 22 and in figures 55 and 58* The ordering 
temperature was not relatively as high for the 25*5g Mn 
alloy me it was for the alloys lower in manganese, because 
the ordering rang© of the £5*$j£ Mn alloy is probably higher*
The high frequency results also indicate this* Prom tills
it appear# that the critical ordering temperatures increase 
with Mn content* Kaya and Kak&ycuaa concur with this but 
N * Thump mn doesn’t*

A slow cooling made up of intermittent anneal# to 
550° C on g03, M62, and QS1 rods resulted in. high inductance# 
for th# nickel-rich alloys and low inductances in the manganese 
rich alloy, as was previously discussed. An equivalent anneal 
on the ring specimens Bl£, 522, and B51 was carried out (see 
Results, 0 1, for details). The results of the room temperat tire
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measurements arc given %n Tables 25 «md 24 and In Figure©
39, 40, 41 and 49* The atô i striking feature of the data 
are the unusually nigh rcapabilities of 631 (2X*4/i mb) 
after this low temperature ordering treatment • The aiaxl* 
mu© persieabilit 1®b attained by this alloy after three type® 
of heat treatment ere shown below for copper ison*

heat Treatment lemeahillty Induction at 50 oe»
1* yg tours at4500 C Cs. 2 50
2* 50 hours at 450

* 170 hours at
405° C 5wtG at 0.35 oe* 4500

5. 0lowly cooled,
mainly 50 hour®efc 400° 0 + 60
hours at 380^ C 6500 at 0.26 oe. 3910 

The main difference between the second and third anneal 
is that the third is at a temperature £5° below the second, 
end yet the difference in max Sana* permeability is almost 
twice* it is Interesting to compare th# inductances at 
50 oersteds of th# 405# Q mmmil and the slow cool anneal* 
tow induction© @t u a field© occurring in conjunction with 
high permeabilities at low fields Is th© condition to.ro, and 
this m s j he compared with stineilc results on the same alloy 
a© a function of temperatures* It will be scan that hi© low 
temperature annealing treatment seemed to bring th# magnetic 
state which occurs somewhat below the Curie point • very high 
y i\%& and low ii*s *» to room temperature. This result is exactly
tno >>y i .a i i i t f  to tn# enso fo r  to*r*aalloy ms ro-ortou by -..aya \26) ,



Tim coereive for©e of ©lowly cooled tol was 0*18# cor* elder- 
ably lower tkr, to# 0,28 found Tor toe 4 Of0 0 anneal, 812 
(20, 1$ Mb) showed a gree t topr». vament or soft i?>â r.etlo prop-* 
ertiea by toe low tmpci toure ordering in  toie ©low cool 
treatment, toe maximum pamefthlXity was 1800 et 3,8 ©arcted# 
coneIderau ly greater toan Its A,revioue 810 &t 0,78 o#rated» 
in the 48O0 aim«rl# 2'he coercive force at room temperstore 
wa* 0*52# • rsofc much loos than toa 0,57 found for the 480° C 
anne&l, It is interesting to note that the l&tiuctlon of 
tola 20,1# mb alloy wee ^reatar than toe 21,4^ alloy# al­
though its permeabilities at low 1 i&lds core much lea a,

high iro^uciisy result© wad shown that heat treat­
ment at and ©clow 400° 0 was too low to appreciably order 
toe 24*4^ Ain alloy, similarly to# alow cool treatment did 
not produce high induct ions in toe 25,5> mi ring epee ilmen,
Tim coercive Tore# for tola alloy was 4*0 oeretods,

fh© effect or tempersfcur© on the m» gtie t to at Ion of 
h32 (21,4£ fin) after too clow cooling to 880° C trestaent 
i© given in Pablos 28 cud 26 and ixx Figures 45# 44, and 45, 
the data were quite complete for low fide*©# end ©how toe 
/Afi. Ji a to toe ¥©* f curves In much grcmtor de­
tail than similar curves for th# '408° 8 anneal, Oram toe 
ewjc*vo © h*;i‘ highest percuj&olllty possible is 7700 cfc 0,1 
oersted at @5°' 0, too maxima of the /M w, f c y m e  
shift© to lower Hold© &nd has a maximum value itself a© 
temperature rises. The ( x4 L vs* f curvos in figure 44#



which are th® d«e* equivalent® of th© Lvs* T high frequency 
curves, ©re seen to vary greatly with tee*}' erature ana fieldf
the top envelop© of thee© curve© Is seen to be m plot of

*«# 8*1! curve® at different temperature© for
this alloy or® shown, in figure 40* In eomp&rlgon with ©te* 
liar curves after th© 400© C anneal, it is seen that the 
induction® at higher field® are considerably lower, the bend 
sharper, and top flatter* Tim induetIon® at BO oersteds are
»©en to he fa 11 in,- rapidly with temperature*

C* . Hie Magnetic &esuits- i n  deaeral.
Therm 1® an interesting analogy to be drawn be­

tween th© results found for the »iekel-anmgsn® ®e alloys 
around lil̂ Mn and the nickel*Iron alloys around fcf%Fe* the 
nickel percentage in Hig&n is and in Hi$Fc 75,0$,
prae tie® lly th© same amount * Steen (2 7 ) has shown that the 
permeebilifcie® at very low field®, or initial permeability, 
of th® air-quenched nickel Iron alloys re ached a maximum at 
76,0# Hi, in th© present InvestigetIon o n nickel-m&ng&neae 
alloys there has also been found a zs&ximxaa in permeability 
at low 1 ield© at 78#b> Hi (th© three closest composition® 
to this value being 7Su9g Hi, 78»S>» Hi, and 70*8> Hi)•

flier® are differences between HigMn mud Hi$Fe,too# 
Steen found that th® highest .pemeabilitiee war© obtained 
when the alloy was air-Quenched from about 600° 0, which is 
th© ferromagnetic Curie point* S* Kaya (28) found the 
critical ordering temperature of ffî fe to be 490° 0, a



temperature below th© Curie point* The exact heat treatment 
used by Elman we# to beat the alloy to 900°-1000° C and bold 
at temperature for one hour, lurnaee cool at about 1*5° 0 
per minute to room temperature, reheat to 600° C nm: hold 
for IMfteen minutes, and alr-gu®meh on a heavy copper plate. 
The cooling rate of the air-quench was about 20° C per sec­
ond; Llmen has presented data allowing that the optimum cool- 
log rate was about 80° C per second for maximumy M  
and 20° C per second for maximum /M0# Long annealing at 
420° C, or 11 baking*1 as KSaen called it, produced much lower 
pera©abilities*

The opposite situation to the above prevails with 
th© nick©1-mang®nee a alloys. The Curie point i© below th© 
critical ordering temperature, and not above, ieraelloy 
ie cuenefaed through the ordering range, and the nickel* 
manganese alloys must he n baked** at a low temperature in 
order to bring about the highest permeabilities*

S* Kaya (SB) has published some interesting data 
on th© variation of the coercive force of iron-nickel alloys 
with composition and heat treatment. The data in the fol­
lowing table was taken from his paper*
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Table 35. impendence of Coercive Fore© of 
Fermalloya with Heat Treatment 
(after Kaya).

Compo­sition
fit F #

: lic In oe* i 
i Completely s ; Annealed %

i;iq in oe* 
2 lowly
Cooled

s 1% in oe* 
i &afc©r 
i quenched

i lie In oe. : A !r s Quenched
18*5 0.456 0*185 0*196 0*520
20 0.380 0.184 0.033 0.184
21.5 0.269 0.184 0.045 0.081
24.1 0*205 0.055 0.035
25 0.258 0.215 0.042 0.030
30 0*400 0.260 0*259 mm

It is seen from this data that there is a fairly 
sharp minimum in Hc at 21»4^ Fm for th© completely annealed 
alloya, and a somewhat flatter minima in 1% at 21*5 F© for 
the other beat treatments. Similar* but much more Incom­
plete data were taken on the annealed nickel-manganeee 
alloys In this investigation# The values of i*e# taken from 
the results are in th© following table*

Table 56* .Dependence of Coercive Fore# of
M1$mn Alloys with Heat Treatment.

Cor I os ition 
21

♦*

2 lic in. oe*
% Completely Annealed

20.1 0.58
21.4 0.15
25.3 4.70
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Inductive reasoning from the high frequency data 
leads one to believe that thm 23* 2$ Mn alloy (k62) would 
have a low coercive force, since it was almost as magnet­
ically soft as the kl#b?» alloy, and that th# 24*4$fe Mn alloy 
would have a quite high coercive force, of th© order of 
aevenal oersteds* These data indicate that ther a Is an 
even more marked anomaly In coercive force in the nickel- 
manganese system than in th# nickel-iron system* Although 
the data Is Incomplete, It is reasonable to believe that 
ail the compositions on the nickel-rich side of which
undergo th© order-disorder transform**tIon, will have fairly 
low coercive forces, while th© compositions on th© manganese- 
rich side of HlgMn will have much higher coercive forces*
This means that an ordered structure of MI^Mn with excess 
nickel atoms is magnetically soft, with kl*&^ E» as the 
softest composition, and an ordered structure of Klgttn 
with excess manganese atoms will he magnetically hard*

There are two possible reasons why Valentine? 
and Becker (4) did not observe the very soft nature of the 
nickel-rich lligl&n alloys In their magnetic Investigations 
(1) impurities in the alloys, and (2) Insufficient alloys*
The manganese they used was "M&ngs?n nach ^oldschiaidt”, a 
rm.thmr impure product* in view of th© sensitive response 
of magnetic softness to impurities, this factor was probably 
effective* Also, they only investigated the 20$ Mn and 28$ 
r4n © Hoys in the vicinity of $l$Mn, which means that only
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ono nickel-*rich alloy was investigated* Tim result©
in the present Investigation have shown that the 20*1$ Mn 
alloy is not outstandIngly soft*

Compared to tko iros-nick©! alloys like permalloy 
or hypHrnSk, or to extremely pure iron, freed fro® oxyg©n 
and sulfur by vacuum melting or hydrogen annealing, the 
soft Mgiictic properties of the well ordered 21*eg kn 
alloy nr# not particularly outstanding* But the produc­
tion 01 mo high a degree of xa&gneti© softness in a non- 
ferrous alloy, rhich ie normally non-magnatie, is indeed 
rer;«rV.t'bl©»

f * fhe isoelectric . Kyi darns# of the Qrder*&f©order and th# 
Magnet io Transform© t ton*

the ©jtisteno# of two critical temperatures in
ordered the furl# point and th© critical ordering
temperature, have already been brought out by previous in­
vestigator®# Th© point was also to be unmistakably in­
ferred from the results of th© temperature runs* Th© data 
of Eay© and l&.ksymaa (5) did not show any effect at th© 
burls point* It is probably true that in their method, 
measuring the thermo ©la© trio fore# of the alloy quenched 
from temperature, Eaym and bakaymam desired only to deter*
®in© the temperature of th© onset of order* Measurement© 
mad© on quenched alloys would not be exp©eted to ©how th# 
Curl® point, because all of the alloy© quenched is th# 
ordered condition would be ferrom&gxi©tic at room temper©tnre*
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The thermoelectric force of toe 55*2 Mn ©Hoy ire*
elumel, whose emf* against standard It 27 was known (Table 
27), is given lor toe disordered, cold, drawn condition in 
Table 26, ©mi lor toe condition resulting from very slow 
cooling at an average rate of 1*4° C per dour in Table 29# 
ihe data at temperatures frost 500° to 525° C are shown in 
Figure 4b* Inspection of the curve© shows that as the al­
loy became ordered, its e«X« against alumel became lower 
than in the disordered state* The eisf* deviation of the 
ordered from toe disordered curve is very gradual at the 
start| this is a further indication tost the ordered and 
disordered states must be electrically quite similar (the 
lack of a sharp break in electrical resistivity In goln& 
from the ordered state to the disordered state Is illus­
trative of the same Idea)*

Further inspection of th® ordered curve shows 
that there is a slight, but definite anomaly at 455° 0, 
which Is about the Curl® point for the 25,2$ alloy In a
very wall ordered state* This anomaly is an upward break
In tne curve, and i® clearly brought out by the upper curve 
of Figure 45, which is th© difference between the ordered 
and disordered, ©si* curves against temperature*

It was necessary to extrapolate the data above 
a no. below the break in order to identify its exact position, 
but It is believed that the course of the data from 50° €
below the break to 50° C above the break justifies this
extrapolation.
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E» The Bij'Jk Fgfguiney heasurements*
dee tiers.® E end I: of the H©suits present data mui 

equations for the calculation and interpretation of the high 
frequency induotane# measurements In terms of more fundamen­
tal units«

The constant in the equation for calculating per- 
mea'bllity tvom inductance and resistivity <see dectIon iff A 
for derivation and further discussion) was obtained both 
experimentally with nonmagnetic rod® and theoretically*
The agreement found for the experimental and theoretical 
constants (experimentally K s 0*073 and theoretically 
E - 0*0785) was much better than expected*

Calculations of permeability at different tempers- 
tures from ioductance-reaiatlvifcy data, on an ordered nickel- 
manganese alloy were -mode, and are cy» j ured with ballistic- 
ally date mined pern©ab 11 It 1 ©s in, figure 47. A great deal 
of accuracy cannot be expected from this comparison for sev­
eral reasonsi (1) toe determination of the r*m*s* value of 
th® high frequency current was not precise; (2) the calcu­
lation of the peak value of the ii* f. current (or the h# f* 
field) assumed a sinusoidal wave, an approximation at bestj 
(3j the h#f * current, or I lela, was not very constant* and 
(4) the ballistic data was on a differ art sj: e© liken, although 
Of the came comp© sit Ion, which was in a somewhat higher de­
gree of order, and he sice nay b© expected to have higher per­
meabilities* The comp arisen showed the calculated perme­
abilities to be of the correct order of magnitude, ana was 
therefore a. successful dez&onstration of the validity of the 
equations*
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It is apt, & rent that the high frequency data does 
afford a means for obtaining toft magnetic properties rapidly* 
although, somewhat Incompletely and inaccurately, and. is an 
excellent method for permeability vs# temperature measure- 
&6Bts* Knowledge of th© h* f ♦ field end fcn.e d« c* resis­
tivity is imperative for calculating permeability and inter­
preting tne data, and* after this has been done, approximate 
values of permeability mt m given field are the results. In 
the data presented In section* .Results A* permeabilities were 
not calculated* but only the Induetanee-res1st!vlty data pre­
sented, because it was felt that their values* coupled with 
the knowledge that permeability was proportional to the square 
of inductance* were sufficient for the purpose® at hand*

Hesuite showing how the inductance and effective 
resistance varied with th© high frequency field are given 
in fart F, and shown graphically in figure 48* The marked 
variation of these properties with field illustrate© the Im­
portance of operating at © constant field* The L  vs* hja&x* 
curve* th© high frequency equivalent of the ballistic vs. 
h curve, is Been to be somewhat different from that curve in 
that the maximum in L  takes place at a higher field, H* thmn 
the max tern liagM *

The maxima in the /M vs. T curves in Figure 47 oc­
curred at the seme temperature for both the calculated h* f* 
permeability ana the d* c* permeability*



C Oifr kj i..!./ C ,1. i/

1* Alloys of th# composition Kl^Mn or In Its vicinity under** 
go an oraer-dlsorder transformation on annealing in the tem­
perature range 500-500° C#

(a) below 500° C tne rate of transform®tion prob­
ably Is too low for any appreciable amount of th® transforma­
tion to take plaee**

(b) Above about 500° C fix# ordered state Is not 
©table* flrns* about 500° G is th© critical ordering tem­
perature#*

(c) Ike critical ordering temperature is not 
truly critical in that there are no very marked anomalies 
of properties in passing through it#-**

id) flie critical ordering temperature of the 
25*2^ bn alloy is 4S0° C# according to the results of thermo - 
electric me®surements on the alloy cooled very ©lowly through 
the ordering range*

(a) The critic©! ordering temperature© reported 
by haym and Kakayama are higher than th© one found directly 
or others whose appikoximst © values were 1 nbicat©d indirectly• 
The value reported by l‘«* Thompson* 510** C* was only slightly 
higher*

* Findings of previous investigator© which have been verified*



{£) Indirect evidence in the preset;t investigation 
indicates that the critical ordering temperature increases 
with manganese content in agreement with Kaya and liakay&ma#
but not In agreement with M* Thompson*a interpretation of 
Kaya and Kusamann1s data*
2, the ordered Ni^Mn alloys ©re ferromagnetic| their magnetic 
properties ©re very dependent on composition#

(a) Th© 21.6/* Mn alloy is th# most magnetically 
soft of the compositions investigated. The softest proper­
ties found for this alloy at room temperature were a per­
meability of 5500 at 0*24 oersted arid a coercive force of 
0.15 oersted after dema gne 11£ a t ion from 30 oersteds*

(b) Th© softest properties of the 20, l£ Mn after 
heat treatment were a permeability of 1800 at 0.8 oersted 
and a coercive force of 0,52 oersted after dcm&gnoli&ation 
from, 30 oars tods*

Co) high frequency permeabilities of th# 23#2$ Mn
alloy arc high# but not as high &s the 21,5$ alloy#

(d) The magnetic properties of the 25.3^ Mn alloy
ere extremely herd compared to th© alloys of higher nickel
content, the highest permeability found after heat treatment 
was 186 at 2 oersteds and m coercive force of 4.3 oersteds 
after desnsgnetla&tion from 30 oersteds.

(e) high frequency results on th© magnetic prop­
erties of the 24*4$ Mn alloy show that it© permeability at 
room temperature la very low.
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( f ) Tia# com position  dividing © o ft and hard  s a ^

Mtic Ul$Mn alloys Is prob&bly close to the theoretical 
composition Clghn, 2 3 * 7 Mn, the nickel-rich alloy© being 
quite soft, and. th# manganese alloys quit© hard*
5* The magnetic properties of the Hl$Mn alloy© are very 
sensitive to heat treatment*

(&) The Curie point© found for the alloys, when 
they were in a well ordered condition, were in better agree­
ment with the reaulta of Eaya and Wakayama than with R* Thompson 
or Kaya and Kussrnenn, particularly in the ease of the nickel- 
rich alloys*

C'b) Ttm Curie points of the well ordered alloys 
were drastically lowered by momentarily heating than to tem­
perature© high In the ordering range*

(c) It was not possible to tell with, certainty 
from the data whether th© Curl© points of the alloys as* 
neeled lor long periods of time at temperatures high in th© 
ordering range were lower than the Curie points after low 
temperature annealing*

id) The best soft magnetic properties of the 
nickel-rich alloys are obtained by annealing for as long 
a time and at as low a temperature as possible* Thus, 
high degrees of order In thee© alloy© promote magnetic 
softness* When the alloys were annealed at temperatures 
high in the ordering range the magnetism was feeble, or 
poor at best*



(©} The permeabilities at room temperature alter 
the momentary he®ting of the well -ordered, alloys to tempera­
ture® high In the ordering range were of the same order of 
magnitude or even a little higher than In the annealed state.

(£) Three types of p ©rmeaMllty-temperature curves 
were observed! (1) after annealing at a low ordering tem­
perature, the p ©rme&bllit lea were quite high In a definite 
temperature range, the curve was somewhat irregular with 
temperature, and the position of the highest permeabilities 
shifted to higher temperatures aa th© manganese content of 
th© alloys increasedj (2) after annealing at © low ordering 
temperatures, the permeabilities wore low for the whole tem­
perature range up to th© Curie point, and (5) after heating 
a well ordered alloy momentarily to a high, ordering tempera­
ture, the curve was smooth, moving from high values at room 
temperature to a lower Curie point than it formerly possessed.
4. formal magnetization data at temperature© up to ©bout 
120° C were taken on the 21*5$ Mn alloy in two states of high 
order, and hysteresis data in the seme temperature range were 
taken on th© 21*5$ Mn alloy In one state of high order.
5* Thermo®leotrie evidence on an ordered 25.2$ Mn alloy show 
that there Is an anomaly at th© Curie point as well as at the 
critical ordering temperature,, when the measurements are made 
at t©reperatur©.
6. 1 high frequency inductance method, for measuring magnetic
properties at low fields was investigated and found to yield
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s&tiefactory* although ai l roximate, results* 1b tcniperatur© 
runs# Ihe constants or a formula for calculating i erne-
ability fros ittduct&nce-reaistlvity data vi'are evaluated 
ex|:© r imentaiiy a m  theoretically, both ©valuations yielding 
about the seme value#
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