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lOTROmiCTIOK

The magnetic properties of nickel-Iron alloys containing 
50?* to 90$ nickel are radically affected by beat treatment*
It in well known that rapid, cooling below the usgmtie trans­
formation temperature produces a maximum permeability at 
?8#5^ nickel* Also it has been shown that alow cooling In 
a magnetic field yields a maximum permeability at 68$ nickel* 
Although these characteristics have been known for some time* 
the mechanism imrolvecl is rot well understood* Cl)

The magnetic characteristics of acme of these alloys 
under strain at ambient temperatures have been investigated* 
To the author1® knowledge * no system tie investigation has 
been made on the effects of annealing these alloys under 
tension* Besides the purely theoretical interest in this 
problem# a knowledge of the effects duo to tension annealing 
la important in the technology of processing magnetic mate- 
rials* Consequently an Investigation of tension annealing of 
this nlcScel-lron aeries wmn undertaken*

Certain magnetic properties of the nickel-Iron alloys 
such as permeability# coercive for0# and reaansnee are ex­
tremely structure sensitive# To obtain consistent experi­
mental data every stage in their processing from melting to 
final beat treatment must be exactly duplicated* Hven ap­
parently trivial differences in annealing boxes, melting 
furnaces, and gas ataosphera purifiers affect these sensitive



properties to some extent* For this reason well-known ex­
periments on rate of cooling* and cooling in a magnetic 
field were carried out for the same alloys used In tills 
tension annealing investigation* Only In this way could 
an accurate comparison be m d e  between tension and standard, 
methods of annealing*
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3** fitelfclnft* Alloys wer*© prepared in *>£ steps between
li,0 and 1 0 nickel* Additional alloys were later prepared
In regions that appeared to be of epee lei interest# The 
alloys were prepared. by melting together electrolytic iron, 
electrolytic nickel, and electrolytic manganese in an in­
duction .furnace under carefully controlled conditions.
Tills included malting the constituent metals under a vacuum 
and subsequently refining the melt In an atmosphere of hydro­
gen* Table 1 shows the purity of the raw materials used in 
the ore pa. rati on of these alloys*

The furnace used for .re Itlng was an Ajax pressure-veouum 
furnace of 50 lb* melting capacity* Power for melting was 
furnished by a J000 cycle, ^  K**$ set*

The charge, consisting of iron, nickel, and mngmneee In
each case weighed & to tel of 51000 gma* Iron and, nickel made 
up the bulk of the charge • These were loaded in a crucible 
of high purity electrically fused M&0, free from sulfur* A 
anall amount of manganese {0*5?*' was added to facilitate hot 
working* It was placed in an externally opera.tod chute, 
making it possible to sake a manganese addition at the de­
sired time* This wan. necessary to prevent the loss of the 
entire amount of manganese, be on use of its relatively high 
vapor pressure*



TABtS 1

a m i  
** P« 
** 81
#* m

C m O C A l  AMLISIS OP HAS HAf'SIALS

S £ . S k  I  |i ? 8 £
99.97 * r .  n i l  0 . 0 1  0.005 0.006 O .O l l t *  n i l  -  S r .  nil -  n i l  n i l  -

0.07 99,22 -  0.009 0 . 0Q2  0.018 0 . 015*  0.59 0.005 -  0.001 -  -  -  0 . 001*

0.005 -  99.95 0.005 o .o d j.  0.015 0.02 -  0.001 -  0.001 -  -  o .o o k  -

*  B e fc e ra ir ie d  w i t h  L e e a  C a r to n  

## £2M.trol7tle
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After properly loading the charge, the furnace chamber 
was secured and evacuated, until & pressure of G*5 to 0«6 -mm 
was attained, as measured on a Stokes UcZ&od gauge. The 
power was then turned on and adjusted to 10 K$f for a period 
of five minutes, and raised, thereafter In steps of 2 KW 
•very five minutes until complete melting occurred, at ap­
proximately 26 Kfim ttm gradual heating cycle was adopted 
to prolong the life of the crucibles which are quite sus­
ceptible to heat shock* Evacuation of the furnace was con­
tinued during this time* The cycle lasted for about forty- 
five minutes to an hour* Dissolved gases were evolved from 
the metal during the melting period, so that the final 
pressure over the molten alloy rose to a somewhat higher 
value, ranging from 1*0 to 2*5 mm. Some of the carbon and 
ojfeygen present In the metal were no doubt removed as CO 
during this preliminary melt-down in a vacuum*

Further refinement of the melt was carried out by the 
use of a hydrogen atmosphere * Pure dry hydrogen was allowed 
to fill the evacuated chamber. Wet hydrogen, pro .pared by 
passing hydrogen directly from the tank over water, was than 
allowed to flow at the rate of 8 c.f«h* for 1/2 hour# After 
this deearburlslng treatment, deoxidation was effected by 
substituting pure dry hydrogen (dew point ~yZ°F3 for the 
wet hydrogen at the- same rat© of flow, for an additional 
one-half hour*
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Although from a purification standpoint It is desirable 
to pour the melt under a pur© dry hydrogen atmosphere, this 
would result in a porous ingot, due to ©volution of the 
dissolved hydrogen during the freezing process:* It is pref­
erable to flush out the hydrogen and replace it by helium 
Just prior to pouring because the latter gas is relatively 
Insoluble. Since it is desirable to add manganese at this 
time, the two operations are don© together.

The chamber was first flushed with pur© dry helium, in 
order to remove the hydrogen safely* The manganese addition 
was made at this time to allow sufficient time for mixing, 
and the chamber again evacuated to reduce more completely 
the dissolved gases* The evacuation proceeded until a pres­
sure of 5 was reached, at which time the chamber was again 
filled with pure helium* The temperature of the melt was 
finally adjusted to 15 -̂0° C, as determined with an optical py­
rometer, and tiie alloy was chill cast in a cast iron mold 
coated with alundum cement* The resulting Ingots were square 
in cross section and of a tapered type with big end up, meas­
uring 3 1/2 inches at the top and 2 3A- inches at the bottom, 
and about 6 1/2 inches in length*

The final composition and purity of the series of Fe-Hi 
alloys prepared by this method may be Judged from Table 2*

2* Rolling* Since all nickel-iron alloys were cast in 
square ingots it was necessary to cut slabs of 1* thickness 
from these ingots in order to be able to roll them on our 
laboratory type 2-high rolling mill which has 6” diameter



5

TA.23U8 2.
unzniUiL AKAxasis of moots (In Percent)

HICK El#
lioalnal) i i i 15® I4nm» o n Co £ ** Si r-<

V> p Cu

ko 39.52 59.67 0.55 0.25 0.006 0.001 o.ook 0.002 0*002

k5 14.69 5^.50 0.52 0*28 - 0.001 O « O O VJ* 0.002 0.002

50 1.9 .61 49-55 0.55 0.32 - 0.001 0.00k 0.001 0.002

55 5k .61 1443 0.55 O.35 - 0.001 0.00k 0.001 0.002

57.5 57.81 kl.29 0.55 0.36 - 0.001 0.00I* 0.001 0.002
6o 59.63 3943 0.55 0.38 0.005 0.001 o.ook 0.001 0.002
62. 5 6241 36.67 0.51 040 - 0.001 o.ook 0.001 0.003
65 6k 4 l 3k*5k 0.63 041 0.00k 0.001 0.00k 0.001 0.005

67.5 67.3l»- 31.71 0.51 045 0.003 0.001 o.ook 0.001 0.003

70 69.25 29.66 o.64 0.14 0.00k 0.001 o.ook 0.001 0.003

75 7k .23 2k. 71 0.57 048 0.005 0.001 0.003 0.001 0.003

77.5 77.15 21.32 0.55 049 «W 0.001 0.003 0.001 0.003
80 79.56 19.36 0.56 0.51 - 0.001 0.003 0.001 0.003
81 81 .ok 17.54 0.50 0.51 - 0.001 0.003 0.001 0.003
82.5 32.(4 16.86 o.57 0.52 0.005 0.001 0.002 0.001 0.003

35 14.57 4 4 3 045 0-54 ~ 0.001 0.002 0.001 0.003
90 0947 94-0 0.55 0.57 mm 0.001 0.002 0*001 o.ook

95 9k . l3 U.68 0.58 0.60 - 0.001 0.001 0.001 o.ook
100 90.87 0.025 9 46 0.63 0.003 0.001 0.001 0.001 o.ook

* Pet® mined with Leco Carbon Determine tor
HotKs After final heat treatment, the sulfur and cartoon content will be substantially reduced*
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rolls with 10n face and st maximum opening of only 1-tnch* 
These slabs ware cross sectional pieces cut transverse to 
direction of casting* They were machined on all surfaces 
to remove seal© and surface irapurlties that say have been 
picked up from the molds during the casting process# fit 
this stage the machined pieces had dimensions of approxi­
mately 3 1/k1* wide by J 1/VS long by l” thick*

This piece was then heated at 1200°C In an electrical 
v furnace# and this temperature was held for forty-five minutes 

to Insure uniform temperature throughout the slab* A small 
flow of helium was pa seed Into the heating chamber to reduce 
oxidation of the slab during heating operations. Initial hot 
roiling consisted of taking four passes at *00511 per pass os 
the 2-Mgh mill and then reheating for five minutes before 
repeating tli© operation# This cycle was repeated until the 
cast dendritic structure had been broken down, and then It was 
possible to take four passes at *015” per pass for a total of 
#060fl reduction In thickness before reheating* This practice 
was repeated until the thickness of the slab had been reduced 
to •250** thus giving a total hot reduction of 75?**

The slab was then pressed flat on the 200 ton hydraulic 
press and placed In the furnace for JO minutes at 1200°C be­
fore air cooling* All edges were machined for removal of 
edge cracks and all surfaces were sandblasted In order to 
remove the seal© that had formed during hot rolling opera­
tions* At this stage the measurements of the piece were ap­
proximately .250” thick x 3 l/l|” wide x 10,? long*
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The 3lab wits them cold rolled from *<£*$0** down to #0E5fl 
thickness taking alto mute passes of #O0??* and *008” rod ac­
tion per pass, thus giving a total ©old reduction for this 
a tag© of 91$ • The material m s  then colled and given a pot 
anneal in hydrogen atmosphere for on© hour at 95®° c 
furnace cooled*

Further ©old rolling was don© by taking reductions of 
only *001” to #003ft par pa a© until a thickness of mOlli*' had 
been reached, thus giving a total cold reduction of hO0 
after anneal* fh® material was then ready for a tamping in­
to lamination® or cutting into teat specimens, as required, 
before it received the final hydrogen anneal*

3* First Hydrogen Anneal* Xt is well known that superior 
results ©an be obtained by Annealing soft magnetic materials 
at a relatively high temperature in a pure dry hydrogen 
atjsosphere* 0nder these conditions not only is oxidation 
prevented, but imparities are actually removed from the 
charge• Sas» materials, such as the nlckel-Iron alloys, are 
particularly susceptible to very small Impurities in the 
annealing atmosphere* Although commercial hydrogen can be 
obtained at 99 *5 percent purity, such hydrogen Is not satis­
factory for magnetic work and muat be further purified* 

Commercial hydrogen 1® produced by several processes, 
but electrolytic hydrogen Is preferred* Although its total 
purity may be lower than that obtained by other processes, 
electrolytic gas is preferred because the impurities are
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mainly oxygen and water vapor* both of whieh can be readily 
reached•

Plate 1 la a schematic diagram of the hydrogen ptxplfl- 
cation ay a tea which w& & developed for the purpose* A* In­
dicated* the electrolytic liydrogen e one late mainly of 
hydrogen, oxygen, and water vapor# Because the gas is oil- 
pushed* small trace a of oil vapor m y  also be present*
Since the oxygen is burned over a palladium catalyst the 
activity of which may be readily impaired by the presence 
of oil vapor* the gas la first passed through a tower con­
taining activated charcoal which removes oil and. other 
vapors that .might wpoison* the catalytic action* The cata­
lyst consists of one-half percent palladlum^n-alumlim 
pellets# Although satisfactory results can bo achieved at 
room temperatures* the catalyst Is actually maintained at 
230°o * tt is reported that a greater portion, of the sur­
face area of tins catalyst is active at the higher tempera­
ture* and it is less susceptible to poisoning# Because the 
catalyst is maintained above the toeiperatwe of the normal 
boiling point of water* inactivity due to the possibility 
of water condensation on its surface Is minimi sod* It is 
reported that by this method the oxygen, content Is reduced 
below one part per million* Tkm oxygen content was cheoked 
using calorimeter technique a and shown to bo leas than one 
part per hundred thousand* Keeping the catalyst at a high 
temperature is an efficient method for romowing oxygen and 
should operate indefinitely free from maintenance•
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ELECTROLYTIC
HYDROGEN
H2i °2i H2̂
OIL VAPOR

ACTIVATED 
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OIL VAPOR 
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T = 2 3 0 °C

0 .5 %  PALLADIUM
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2H2 + 02 ̂ 2 H 20

IN USE

PAGE 9

TO ANNEALING FURNACE 
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H2 0  ADSORBED

T=230 C

REACTIVATION



IQ

At this point only water Is left to be removed# This 
removal Is accomplishod by adsorption on activated alumina* 
Activated alumina is aluminum oxide whose specific surf ace 
has been greatly increased. Gases* the normal boiling points 
of ulrich arm relatively high, will condense on its surface#
In the case of water vapor* aestivated alaaina will adsorb 
at 3ubstantially 100 percent efficiency at room temperature 
until 12 to li*. percent of Its dry ■weight of stoleture has 
been adsorbed. Thus adsorption occurs In layers proceeding 
from the entrance end of the moist gas towards the exit end# 
Lince the exit end is substantially free from adsorbed 
water * the exit gas is very dry#

Activated alumina is available ia many grades. *% have 
chosen grade FI* which is pure alumina, because of its 
higher reactivation temperature* and because practically all 
published data pertain to this particular grade• Based on 
calculations involving total gas flow and tt*e amounts of la- 
put* 1 ties present* the unit Is reactivated before th© moist 
son© reaches the exit end# By th© valve connections indi­
cated, th© gas Is then dried through the other tower* and a 
portion of this pur© dry gas is used for reactivation# It 
should be noticed that the reacCivsting gas flows opposite 
to that being dried and in this way the moist son© is forced 
back out the aiaa© way that it came# Thus* If th© reacti­
vation lu incomplete the residual moisture ia located In th® 
moist end of the dryer. Th© dry end should never be per-
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sit ted. to to© cow© moist* It is surprising tlia fe In many of 
the comriercial unit a the reactivating gaa flows In the same
direction aa the gas being dried# In that case, during re­
active felon* the moisture Is forced out through the dry norm *  

If it la Incomplete, tkic being dried la contaminated 
due t o  the residual mo I enure left In the exit and* do other 
feature of tola drying ays tom la that pure dry hydrogen la 
used for reactivation* thus the adsorb ant la never exposed 
to air or disconnected from the m jntm m * 'If' the .begun re­
activation temperature la never exceeded, this drying syatesa 
should operate indefinitely -and aub a tan tlally free from 
mintotmnca*

Special precautions are taken to ellzalnafee air leaks In
the system* Packlese valve a are uaod throughout* Soldered 
joints and lead gasket seals are employedElimination of 
sir leaks Is particularly important since the performance of 
the system is usually checked by measurement of its total 
laolatune content (by dewnotnt) and air leaks occurring after 
the deoxidation tower might be noticed* Metal hose la used 
for all flexible gas connections* Organic tubing In general 
Is not satisfactory due t o  Its absorption o f water* Inch 
adsorption la particularly bad if the hose Is used intor- 
mtttently* a® In dew point dafeeraln&ilor*a *

Ttw moisture content of th* purified gas as measured by 
daw point determinations la consistently below -9^° 1 • Ife# 
oxygen con ton t is loss than a im part per hundred thousand*
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The mere Introduction of pure dry hydrogen Into th© 
furnace is not sufficient to Insure a pure atmosphere 
within the furnace. Although the charge is enclosed in a 
gas-tight metal container, gas will be evolved by the con­
tainer during the anneal end in this way contaminate th© 
atiaosphere. It has been, found, however, that by using a 
suitable Inner metal liner that is outgassed at a higher 
temperature than is intended .for use, good and consistent 
results can be obtained thereafter*

One Indication of th© condition Inside the furnace can 
he obtained from the dew point of the exit gas. If all the 
necessary precautions are taken, exit dew points of below 
-75° P can be obtained. dnder such conditions maximum per­
meabilities of 270,000 can be consistently obtained in some 
of the commercial grades of high nickel-iron alloys• If 
pure dry hydrogen is used but the precaution of outg&ssing 
the container is not taken, a permeability of around 150,000 

Is obtained.
The annealing cycle used for the nickel-iron series was 

to hold the alloys for 13-hours at 1200°C, furnace cool to 
1050°C and hold for four hours and furnace cool to room 
temperature• Subsequent annealing Is described below.

I4.* Tension Anneal. A standard specimen used In tension 
annealing experiments is shown on the left of Plate 2.
Plat© 5 shows how the specimen was supported during the ten­
sion anneal. Tills assembly was Inserted in the tub© furnace, 
shown in Plate ij., containing a pur© dry hydrogen atmosphere.



V

I
FURNACE ASSEMBLY 

USED IN TENSION ANNEALING
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Suitable weights were placed In the container at fell# bottom 
of Plate It to provide the necessary tension on thm spool»n* 
In order to prevent fusing of tli# (specimen to It# suepensIon* 
setal to jmetol contacts wore presented through Isolation by 
refractories*

The annealing cycle employed in moat cases had for lie 
initial Btmp the raising of the furnace slowly to 600° c 
idler# tti# tomperatune was maintained for on# hour* The 
weight was then applied and the specimen was cooled at 0O°C 
per hour down to 250°c» Th# tension was removed and the 
specimen withdrawn from th# fumaee* The coo ling rat# was 
controlled autoaatlcally by means of a  standard on-off tem­
perature controller driven by a special timing motor*
(Plate !*, lower right}*

5# Magnetic Anneal* Tn generaI* the speclmena used, In 
magnetic annealing experiments were annular ring specimens 
and circular discs# These speelmena were mounted in special 
furnaces in which magnetic fields could be applied in pare** 
ferred directions* For ring specimens» a circular field was 
generated by passing an aloe trie current along the axis of a 
rod. of circular cross-section* Th# rings were concentrically 
supported on this rod#' In the case of discs* it was desired 
to generate a magnetic field parallel to a preferred diwm%®r 
in tli# plan© of each disc* The discs were annealed in a tub© 
furnace centrally located on the axis of a water-cooled 
solenoid*
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In order to prevent nontamln®tlon, magnetic annealing
waa don®, in a pure dry hydrogen atmephere* Sfa* furnace 
tomperatur# was slowly raised to 600°O* This temporatnr® 
was above toe Curl® temperature of all alloy® In this aeries* 
The laagnettc field was than turned on and the temperature 
smlnt&laed long enough to Ineur© thermal equilibrium* The 
actual time® used are indicated in to© data to follow# The 
furnace®' were toon cooled at atendardlsed cooling rate® in 
the sxagoetlc fields* fb© field® were not reraowd until the 
temperature dropped be leer 250°C*

T m  magnitude of the magnetic field® used m m  standard­
ised and depended on the simp® of tbs speqlaaerw According 
to prevlou® experience of too author* 87 oersteds was satis­
factory for ring specimens* Du® to large demgn®timing 
effects of tli© disc specimens* an applied field of approxi­
mately 1000 oerstaede was used# This was sufficiently large 
to Insure an internal field in excess of 87 oersted®*

4
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1* Perms ©bill tar* It is mull known that the use of con­
tinuous ring specimen© is preferred for high permeability 
measurements* The elimination of air gaps is essential In 
order to determine accurately the magnetising force within 
the specimen• Because a constant magnetic potential Is ap­
plied to the test sample, the magnetiding force will vary 
along the ring diameter* Therefore, it Is desirable to keep 
the annular width of the ring small compared to Its mean 
diameter* A satisfactory specimen for this type of investi­
gation consisted of several rings* 1*625° i*d* by 2*00” o#d* 
and *02411 thick* Such spec Inserts were used throughout the 
Investigation unless otherwise, noted*

Unfortunately* it 1© difficult to apply a uniform ten­
sion on a ring specimen and therefore they were not used In 
tension annealing experiments* one method of Introducing 
uniform tension during annealing would be to apply a known 
weight at the end of a straight magnetic specimen* D m  to 
demegnetislng effects caused by the ends of this specimen, 
the intrinsic magnetic permeability cannot be dot©mined 
accurately for high permeability alloys* One could us© a 
wire whose length is large compared to its diameter* Flat© 5 
shows the relation between the Intrinsic and apparent per-
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PLATE 5
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meability of a cylindrical rod as a function of its dimen­
sional iiatlo, m, the ratio of length to diameter* It is 
seen that to measure an intrinsic permeability of one million 
a dimensional ratio in excess of 1000*1 is required* The 
problem of properly handling a number of such specimens would 
be difficult ana the final results inconclusive♦ Therefore 
It was decided to employ a continuous specimen of the type 
shown in Plate £# Overall dimensions are i* 5/l6n long by 
5/Vf wide, and l/2ft nigh* This was fabricated using a single 
turn of tap©, 9 9/8?! long by 1/2s< wide, and *011/ thick* A 
double lap joint was employed to minimise any demagnetising 
effects caused by the joint* At the high temperature em­
ployed in the first hydrogen anneal, adjacent metallic sur­
faces in the joint fused together making Its reluctance 
extremely low* The reluctance of this type of joint was 
checked by magnetic annealing a circular specimen* The per­
meability obtained was sufficiently high to prove that the 
reluctance of this joint was negligible for the tension 
annealing investiga tions•

One objection to this type of specimen is that the ten­
sion is not constant throughout its length. It Is evident 
from consideration of the free body diagram shown in Plate 6 
that static friction will reduce the tension In the curved 
portion of this specimen* An estimate of the minimum ten­
sion, Tmln, found In the curved section was sought. The 
tension along an incremental element of the curve may b©
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represented by a Taylor series:
T  (e+a©) = T(0) + je"A0 + -2(^i. aG* +•••

The normal stress component on the curved support Is T * e .  
Due to friction this changes the tension by an amount

a T  = - ^ T a 0

where ^  is the static coefficient of friction* Kquating 
and passing to the limit, A0*O , we obtain the fo1lowIng 
differential equation:

-ft + ’V T  * 0

The solution of this equation la*
-■7 0

T(0) = T0 e where T(o) “ To
How T(0) is a minimum at 0 =

T" - 'r/JL.) — T* . Tw<w _ ~"̂ 2T~or •m/m ~  ̂' 2 ' U ® > y  “ C

At first unpollahad alundum was used as a curved sup­
port for the specimen and by measurement a at room tempera­
ture it was found thatlj 38 0*j9* Thus -I-!1-- a 0*55 which was
considered an excessive variation in ’iniformlty* Since It 
Is expected to he even '-trhcr at annealing temperatures, due 
to an increase lit the. coefficient of friction* a number of
refractories were Invesfclgated» The most satisfactory mate-
rial found was mica# This had a n c  o*22 or ""7̂—  - l.yi*
It wftti raoj.it sufficient just to insert several thin shoots 
of mica between. the ainna^ac ruiti the specimen* The mica did 
not deteriorate to any noticeable extent during heat 
treatment*
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It is interesting to note that the minimum tension la 
determined, only by the bending angle* Also the similar the 
bending radius compared to the length of the straight aides, 
the larger will be the fraction of material at maxlimns ten­
sion ♦

Wow, the ring specimens were punched out of strips of
the rolled alloy* Since the magnetic field used in per­
meability measurements was' aprlled clrcumferentially, any 
tendency of preferred orientation of the grains would be 
averaged out in the measurement of ring specimens* Thm 
tension specimens were made out of strips cut parallel to 
the rolling direction* In the latter case, the magnetic 
measurements were made In the rolling direction* Conse­
quently, grain orientation would influence the measurements *
Xn order to minimis© this, the rolling and heat treating 
procedure previously described was designed to suppress 
grain orientation*

The permeabUt ty measurements were made in a conven­
tional manner using an L k M type HS 2205-® ballistic 
galvanometer employed as a fluxmeter* Xn such measurements 
it is necessary to wind primary and secondary windings on 
the specimen* Since the permeability of soma of these nickel- 
iron alloys is very sensitive to mechanical stress, a. method 
of rroperly supporting the test windings is essential* The 
ring specimens were inserted In an annular plastic box to 
support these windings* A plastic coll-foma was erected 
about each tension specimen .as shown in Plat© 2 for the same



purpose# After the windings war© put on the form, each 
specimen was Inspected to insure that it could be moved 
freely in the box and therefore be free from external
a tress *

Anisotropy. The method used for measuring magnetic 
anisotropy was to measure the torque on a circular disc 
specimen when rotated in a uniform magnetic field parallel 
to the plane of the disc# The disc used was 3/Uw to diam­
eter and #Gl!ff* thick. The magnetic field was produced by 
an electromagnet. A field of 1500 oersteds was employed# 
This field was sufficiently large to substantially overcome 
the demagnetising effects and saturate a disc of these 
dimensions.

Preliminary torque measurements were made on a disc sus­
pended in the field at the mnd of a calibrated non-magn©tic 
spiral spring# It was found that this spring m as non-linear 
and calibration uncertain due to handling# Also different 
springs had to be used depending on the size of the aniso­
tropy energy# Although some of these difficulties could be 
overcome by using a delicate suspension, It was decided to 
devise a wide range self-calibrating dynamometer# The in­
strument developed for this purpose is shown in Flat® 7.
The basic principal feature is the attachment of the disc at 
the end. of a shaft coupled to a sensitive balance# The bal­
ance measures the torque on the disc in the field# The 
speed of measurement is augmented by use of a chain-o-matic 
balance. This dynamometer is self calibrating and has a
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very wide range« & gear arrangement permits orientating of
the disc in a largo number of discrete positions in the 
field*

■The discs were processed with tlw other specimens and 
cooled at the prescribed cooling rate# The re a id m l  torque- 
curves (torque vs angle) wore measured• Tha disc was then 
magnetic annealed and the torque curvea were re-datemined* 
The new curves war© found to be approximately sin® curves 
having a rotational period of l0O°*

Tn most cases the residual torqm had a rotational 
period of XBQ° with an equilibrium position ("easy” direc* 
tion) at Approximately 90° from the rolling direction*
Since the cubic spam try of the lattice would require a 
periodicity of 5K>°# magne tic anisotropy could not account 
for the residual torque* It is believed that the primary 
cause of residual torque was a alight lack of symmetry of 
the disc*

In the first teats magnetic annealing was performed with 
the applied field parallel to the rolling direction. This 
yielded a new f,eaayw direction nearly parallel to the roll­
ing direction* The torque curves were plotted for each 
specimen before and after the magnetic annealing* These 
curves were subtracted graphically and a new curve was ob­
tained. By integration the anisotropy energy introduced by 
magnetic annealing could be date mined* The above method 
was Inaccurate for small torques, and especially when the 
residual torques were not sinusoidal* Therefore, a new
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procedure was devised* This procedure was to anneal the 
disc In a field parallel to Its "easy11 direction* Since in 
this case the "easy* direction was not changed by the mag­
netic anneal. It was sufficient to measure the areas under 
the torque curves of each specimen before and after the mag­
netic anneal and subtract. The average change in area under 
a half cycle was called the anisotropy energy Introduced by 
magnetic annealing* The anisotropy energy density intro­
duced by magnetic annealing, jrK , was obtained by dividing 
the above energy by the volume of the specimen. Both methods 
of determining the anisotropy energy density were employed 
on alloys pertinent to the argument to follow and close 
agreement was obtained*



SECTION III 

RESULTS OF TENSION ANNEALING

Preliminary experiments on a 72% nickel alloy with ten­
sion applied at various points in the annealing cycles, 
indicated that with sufficiently large tensions the magnetic 
properties were profoundly affected if the tension was ap­
plied during cooling# below Curl© temperature* Experiments 
on annealing in a magnetic field have shown that the field, 
influences the magnetic properties only when applied on 
cooling below the magnetic transformation temperature (2).

Another set of preliminary experiments were made using 
different rates of cooling during th© tension anneal, it 
was found that the magnetic properties were Influenced by 
the rate of cooling* Consequently, the cooling rat© was 
standardised for all tension anneals.

Plate 8 shows the maximum permeability obtained by ten­
sion annealing for different compositions• Four different 
curves are drawn representing Eero tension and three dif­
ferent values of tension applied during the anneal. In 
general, an increase in maximum permeability was accompanied 
by a decrease in coercive force, an increase in residual in­
duction and initial permeability. A table of these magnetic 
properties for the Go% nickel alloy annealed under different 
values of tension Is shown in Plate 8. In the discussion to 
follow only the maximum permeability will be considered since
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this was typical of til© other magne tic characteristics * In 
general, a substantial increase in permeability is obtained 
on tension annealing for compositions between 5^ and 82*5^ 
nickel# Outside of this range the permeability Is decreased 
by tension annealing* Plates 9-i? show the maximum per­
meability as a function of tension during annealing# It 
Is seen that the greatest Increase in permeability occurs 
at 60$ nickel. The highest maximum permeability obtained 
Is 99#000 for this alloy annealed under 0*1 kilograms per 
square millimeter of tension* This permeability Is approxi­
mately 9 times as great as that obtained by ordinary 
annealing without tension*
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OF RKSULT5

i'he magn©tic characteristics of »ioteeX~Xron alloy# un­
der the Influence of mechanical stress at ambient tempera­
tures baa been investigated by others# Thmy found that the 
aaaxlaium permeability Increased with tension in %lm alloy# 
for which the saturation polycrystalline magao toatrictloii 
constant* ̂  # was positive# Conversely* they found that 
the maximum permeability decreased whan \  waa negative*
It might b© expected that the results of tension annealing 
would be- similar to- result® obtained on materials under 
atm®a at ambient temperature, oinae we are primarily In­
terested in explaining effect# observed at different com­
position## the saturation polycry#tallIne magnetostriction 
constant is shown in Fla’to lU a# a function of nickel con­
tent# It la seen that the decrease In permeability on ten­
sion annealing for compositions greater than 82#5 nickel 
may b© explained by the fact that \  is negative for these 
compositions# One of the outstanding result# of this In­
vestigation was the decrease in permeability on tension 
annealing for compositions having less than $0$ nickel# 
this cannot be explained on the prior theory since \  Is 
positive for these compositions#
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It has bson round that In general isagneboatrietion Is 
not Isotropic but depend a on orientation with respect to 
the costal axis* Hate- 35 la w re perodtic t Ion or t*ict\bon~ 
t a r i f f d a t a  on the -.'ur̂ t.ion nagnctostrlet!on constants 
for two principal cpvofcn 1 1©graphic dlrectians [loo] and [ill] * 
The ooostanta art design*, ted &,s \  and \  , re s ne c tdvely•*00 Ml
tt Is soon that \  become s nogstlvo in the rang© of coia- 
position under considerstlon* Since each of the polye.ry atal~ 
lino materials under In vea11pation Is really an aggregate of 
single crystals, \ :saay bo considered as an average of \
«rw» \  properly weighted according to the distribution of 
the orientation of individual grains* It Is evident that 
\ negative Is not incompatible with \ positive in the 
U0-50?* nickel range since \  Is positive* It should be 
mentioned that the data shown In Plate 15 has been shown to 
b# In error since the volume magnetostrietlon was not ®llm~ 
in a ted in the im a aureman t s {5) # The volume magnetostriction 
Is greatest near nickel and the data at the lower nickel 
range Is In greatest error*

Xn order to under stand the role of \ loo , In tension 
annealing, a discussion of magnetic anisotropy is In order#
In fact anisotropy considerations are Important even when 
only Isotropic umgnetos tr 1 c 11on Is considered, since the 
tensile farces tending to orientate the magnetisation vector 
must compete against the crystalline forces, the latter being 
a manifestation of magnetic anisotropy energy# The aniso­
tropy energy density, fK , .may be formally written as a power
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aeries of , the direction cosines of the magnetiza-
tion vector with respect to the crystal axis# It is known
from experimenta that the resulting expression must have 
c ub i c synime try of the c ry s t a 1 lattice. Fur thermore , the 
magnetization Itself has certain symmetry requirements.
Thus It can be shown (L) that to the first approximation

■f* = K (
In tiiia expression Kj is the cubic anisotropy constant and 
it Is given as a function of composition in Plate 16 .

To obtain the equilibrium orientation of the magnetiza­
tion vector, or the so called "easy" direction of magnet­
ization, we must find the direction that makes -P* a minimum, 
or 5 0 # By differentia tion

6£  =  (Sacr, -i &oCx + J^L £°C3* 0oTt doC* x 6 oC,

The nfs are connected by the following equation of constraints
of,1’ ■+ o("x 4 odj — I 

and by differentiation
oc,$)oC, + 4- cy3 6 o(3 — o

By addition and use of LaGrangefs undetermined multiplier,A. ,

-jG- •+ a A k  + /§§- + lofu|s°<x + /^§- + Aorjfo, =o
/

Since we have two Independent variables, e.g. °<a , <X3 and a
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constant A to be determined, we nay set 
|L. = -\oc, = 2 K, oc, ( I - )

■fS; = = 2 K.oc, (I -ocl)
- ->OC3 = 2 K.<*3 Cl -«*»)0CX3

Solutions to this set of minimal equations are^  = ocr ôc3 - 

or [ill] and = ̂ 3 s 0 or [lOO] and equivalent
crystallographlc directions# By substitution In the equa­
tions for wo find that If K'x> [lOOj Is an ^easy1*
direction of magnetisation and if &x< 0* |xx£j is an "easy* 
direction# Thus we see that a decrease in \ with com-loo

position might seriously affect our polycryatalline results 
since [l0O) is an easy direction of magnetisation In the 
range of compositions under consideration*

In order to understand results obtained by annealing, 
one should consider how the magnetostriction and anisotropy 
behave at elevated temperatures* How it Is known (5) that 
in general the anisotropy energy falls off quite rapidly 
with Increasing temperature* The magnetostriction also de­
creases with temperature, at least for the only case known 
to the author on which experimental data is available (6)* 
However, the anisotropy diminishes at a faster rate than 
the magnetostriction* When the anisotropy is small at room 
temperature we can neglect it in explaining effects taking 
place at elevated temperatures* Whan it is fairly large at 
room temperatures it will still be a second order effect at



elegated temperatures, particularly when the itsagnetoetric- 
tlon is largo• In the latter case we will include It when­
ever convenient for analysis# let us now consider the cases 
In which the magnetostriction Is anisotropic {O&se I) and 
isotronie (Case II)*
1. Case. .1 * An iso tropic Ms. one toy trie t Ion« Let us consider 

only the favorably orientated grains, the crystal axis of 
which. Is parallel to the applied tension# When there are 
onlv two magnetostriction constants \  and ~\ and a(Oo Hi
uniform tensile stress, T„ act5.ny with direction cosines,
X  * Xl , %  , with respect to the crystal axis, the magneto­
striction part of the energy density, -P , is (I..)

The minimal equations previously considered now become

Of course if 'X^ * 0 there will be no effect of tension in
this case# This roughly corresponds to alloys containing 
about 50^ nickel#

where u  » T V  V  are the stress components•

--W, = «, ( i - < )  - 3 \ ico T]
= 3 K<<,(I -‘psVl)

I O 3 = 3. K,<?(s ( 1- 0(3)



Xf r«| > 0 which in true for L>0~6c$ Ml, solutions yicld- 
fi minlm^im n,P6 t 
rthen \ |60 >-0 c<,= |, c<x ' o<5 - o or [lOf[
Vfhen \JOO < 0 <K, =o, % - | ( e<3 =. 6> or [QIO]

**, = 0, ®<fc - 0, c<3 = f or jOOl]
Thus it* \ >0 , tension annealing will tend to orientate
the domains of the favorably orientated trains along the 
tension direction* ^herv-Y > 0 , tension will ornate s.lOO
preference for domains orientated at right angles to the 
tension direction#
2. Case IX* Isotropic Magnfttontrietion* In this case we
consider isotropic magnetostriction or ^ ^
Mow "fme becomes

-P*e = T h'X^hh txUajx muxr, ̂ o^)]
How the angle V between T and the magnetisation tractor Is 
determined, by

Cos = or,?; + c*;ra t ^ 3r3

anS Cos1?' = ̂ Y+^r,' +<r,2 ta^x?; + ^ X X  +*&3r%)

Thu* f me - §  \ T  Cos’ P
aaaivae that we can neglect for this case at ©leva ted 

tempera tores which Is reasonable for moat of the alloys be­
tween SO and 95$ HI • Tne minimal conditions are: 

when \  > O ^ - O, vr
' % n  V O  3IC



Thus we see that with positive Isotropic tiagnetos tric- 
tton, tension tends to lino the magnetic don&Ins along the 
tension direction independent of the orientation of the iri- 
dividual grains• On the other hand, with negative Isotropic 
nogn®toatriofelon, tension orients the magnetic domains at 
right angles to the tensile force. If the anisotropy energy 
is large, the effect of crystal forces would have to be 
taken Into account. They can be neglected for nickel con­
tents between 5$ and 9®$* since the anisotropy is small at 
ambient temperatures and negligible at annealing temperature*.

3 . Magnetisation Process. According to the domain 
theory, in the demagnetised state, magnetic materials are 
composed of a large ntimber -of microscopic regions or domains* 
each magnetised to saturation, but so orientated thnt there 
la no net macroscopic mgnetl s ation• Bach domain is orien­
tated along an "easy11 cry a tallographic direction in absence 
of any disturbing Influences such as strains* When a small 
field is applied In a given direction, favorably orientsted 
domains grow reverslbly at the expense of unfavorably ori­
entated domains• In larger fields Irreversible 90° and l80° 
rotations also take place« In fields approaching saturating 
fields, a reversible rotation take3 place In which* the do­
mains are rotated away from their "easy* direction and Into 
the field direction*

According to domain theory (?), 180° rotations can 
occur at a lower energy than 90° rotations# Thus a higher 
permeability can be obtained if the proportion of 180°
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rotations to 90° rotations can be Increased* In Case 1 we 
have shown that In favorably orientated grains, and posi­
tive x(00 and Kh> 0, tension annealing will produce a 
preference for orientation of the- magnetisation along that 
particular "easy1* axis parallel to the tension direction 
rather than other normally equally preferred :,easyu direc­
tions* In Case II with a positive \  and negligible aniso­
tropy, tension will create an "easy41 direction in the 
tension direction irrespective of the orientation of each 
particular grain* Both of the above situations imply a 
preference of l80° rotations* In both cases negative mag­
netos trietion leads to a preference normal to the tension 
direction* This Implies that 90° rotations will be pre­
ferred. Thus we see how tension annealing will affect the 
relative proportions of 100° and ^0° reversals and. conse­
quently the maximum permeability.

It follows that the greatest increase In permeability 
can be obtained by tension annealing if the anisotropy Is 
low and the magnetostriction is isotropic and positive.
In addition, for small tensions, \ should be large. These 
conditions are satisfied In the 60^ nickel alloy and ex­
plains the results obtained.

While the character of observed changes in permeability 
produced by tension annealing has been explained, no ex­
planation has been given of the more fundamental problem on 
the mechanism of retention. In other words, why does the 
alloy retain the influence of tension applied during
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annealing after the alloy has been cooled down to ambient 
temperature and the tension removed? An answer to this 
fundamental question cannot be presented at this time# Th© 
mechanism of retention Is probably a special case of a more 
general problem including the so-called MPermalloy Problem1* 
and the mechanism of magnetic annealing* neither of these 
problems have ever been completely solved* W© have repeated 
some experiments on the alloys made for this Inve a tigation, 
to verify results obtained by others and to eliminate any 
experimental discrepancies between our problem and th© other 
two problems# W© will present some new results which have 
been obtained and which may ultimately lead to a solution 
of the more general problem* Th© remainder of this dis­
sertation will be confined to the other two problems*



SECTION V

THS PSamLLOY PROBLEM

Classically, the best heat treatment for soft 'taagnetlo 
ssaterlal was to cool down slowly from elevated temperatures. 
It was believed that this pi?© vest ted the mechanical strains
that would be Introduced by rapid cooling* A number of in­
vestigators examined the nickel-iron series and taking the 
precautions used for annealing; iron they concluded that the 
various nickel-iron alloys were not as good magnetically as 
iron*

0* W. Elman (8) discovered that very remarkable magnetic 
permeabilities could be obtained by rapidly cooling certain 
nickel-iron alloys .from, their magnetic transformation tem­
perature to ambient temperature. Ha obtained th# highest 
permeability at nickel. Th© nickel-iron alloys con­
taining more than nickel were called permalloys.

In order to explain the effect of rapid cooling;, Elman 
postulated that quenching retained a solid solution of th# 
two constituents* On slow cooling or baking, a segregation 
took place* The solid solution was softer magnetically than 
the segregated material* He supported this explanation by 
resistivity data* The quenched material had a higher resis­
tivity tlxan the baked material which would be expected if 
segregation took place. In addition lie noted that the
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highest initial pe ratability occurred c l a m  to that compo­
sition whore the wagnetoabriotlcrn was ®#ro*

The discovery of this pem&lloy effect Initiated in­
tensive lnvestlg&fciona I n  this field* It has now been 
established. (95 that a auperatrueture exists at a. compo­
sition corresponding to WljF# or 76$ nickel# Th® reason 
why super a true tare should be harder ragra tic ally than 
solid solution 1ms not been explained#

The effect on rapid coo H u h  In hydrogen of tlw nickel* 
Iron alloys need In this investigation Is shown in Piste 17* 
ho have obtained th® highest ami Initial persaeablll*
ties a t  81$ nickel* a l t h o u g h  only the 1 1 1 %

has been shown# Ttm persaoabllltles obtained are higher than 
t*mb reported by & m  to laproveaMmta in a® 1 ting and.
teat treating techniques# ft* reason why we obtained the 
highest pemeablHty at 8l$ nickel Ira teed of 7S«5$ nickel 
found by Hlran, la attributed to a slower rat# of cooling 
used In our Investigation#1 The lower curve In Plate 17 

stews the effect of baking for l8**hours at 1^5°c# It Is 
seen that the tt&xlssisa pcrwabllity is almost Independent of 
composition between 6o and 9®- nickel and lower than that 
which can be obtained for Iron# the high permeability ob­
tained on baking k%fi nickel is probably duo to advanced

AEls*h rapidly cooled in air by placing the m g m t l e  specimen on a copper plat®* whereas wo have merely quenched 
In hydrogen by withdrawing the specimen to the cold part ofthe anmaling'box*
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inabilities were measured# By using strain gauge techniques 
and Interpolating, it was found that the saturation poly­
crystalline magnetostrietlon was zero at 83.5> nickel# 
Therefore, tine discrepancy in the above formula has not 
been resolved*

Some investigators have explained the above discrepancy 
by stating that 78*5/® nickel is a favorable composition 
where the anisotropy and magnetostriction are both small# 
Since it is desirable to have these two factors a minimum,
78#5^ happens to be the optimum composition.



SBCTIOH VI

UA.OHSTZC Aimmhim

Experiments on cooling magnetic materials In a magnetic 
field are not new (11). One of th© most comprehensive in­
vestigations of this type was made by K. M. Bosorth and 
J* P* Dlllinger (2). They invest! gated the nickel-iron 
and nickel-iron-cobalfc alloys. For the nickel-iron alloys 
Bosorth and Dillinger obtained the greatest increase In 
maximum. permeability at 68$ nickel* The highest perme­
ability obtained in their experiments was 600,000. They 
showed that the effect was obtained only on the cooling 
part of the annealing cycle below th© Curie temperature*

In order to verify the above results we have magnetic 
annealed the alloys used in. the tension annealing Investi­
gations. The cooling rate was 85°C/hr* to correspond, to 
that used in tension annealing experiments. Our results 
obtained on the change in maximum pern©ability are shown 
In Plate IB* The highest permeability w© obtained was 
686,000 occurring at 67.5^ nickel. Bo appreciable change 
In permeability with magnetic annealing was observed below 
50# >11. It should be noted thet at the composition where 
th© si&gnetostrlction is zero (approximately Sift nickel) a 
substantial increase In permeability was observed. Up to 
this point, the beat results obtained by Bosorth and
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BIXllnger have bean duplicated* One of the Important re­
sults of this investigation is tlmt the chaise in perme- 
ability with i^gnctic annealing actually decreases Just 
below 100$ Hi*

In order to Investigate tl«e effect of cooling rate on 
magnetic annealing we have magnetic annealed a sat of 
nickel-Iran, specimens at a slower cooling x*ate (15°c/hr*). 
Our rosuits on tlm  oliange in maximum peme&bl 11 by are shown 
in Plat® 19* It Is seen that the highest maximum permea­
bility Is obtained at 60$  MI* This was 1, 6X5, 000,  the 
highest ever reported for either poXyorystallln© or single 
crystal materials*^ because the cooling rat© affected the 
magnetic characterlstloa, the rat© of cooling was standard­
ised for all magnetic annealing experiments*

The theory of magnetic annealing proposed by Bosorth 
and BIXlinger Is based on the relief of the stresses of 
magnetostriction by plastic flow at the annealing temper­
ature* Their theory is rather vague* A number of dis­
crepancies In It have already been discussed by Becker and 
Dorlrig (1J) • It should be emphasised that magnetisation 
and mechanical forces are coupled together through magneto­
striction* Therefore, it is evident why the results of 
tension annealing should be associated with magnetostric­
tion* However, it Is not evident why th© changes produced

^Th© previous record was 1,1450,000 for a single crystal 
of Iron established In 195? (Ik/•
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by magnetic annealing should b© necessarily associated with 
magnetostriction* Th® fact that magnetic annealing produces 
a substantial increase in permeability when th® magneto­
striction is zero, seems to contradict the theory. Another 
discrepancy is that the permeability of nickel decreases 
after magnetic annealing. The fact that smgnetostr1ction 
of nickel Is negative should make no difference on the basis 
of the proposed theory. In fact th© decrease in perme­
ability does not begin at th© composition where the magneto­
striction changes sign*

It was decided to investigate the role of magnetostriction 
by measuring the anisotropy energy introduced by magnetic 
annealing, 4-, • The exact experimental procedure .has been
described earlier in this report. The cooling rat© used was 
35°C/hr. Our result® are shown in Flat® 20 as a function of 
composition* The new anisotropy energy density 1® given in 
terms of a new anisotropy coefficient, 1%, to be described 
below•

An expression for ~Pmk based on a fixed homogeneous 
lattice displacement, <S , is (I4.)

4 ^  - 3 G c \ & C a S  V

where Gc 1® the shear modulus of elasticity and P Is the 
angle between 6  and the magne tic f i®Id usee! in measuring 
tii© anisotropy* Wi th iso tropic magne tos trie tlon there will 
be a longitudinal extension of magnitude A  and a lateral 
contraction of magnitude a A • Sine® we can neglect volume 
magnetostriction, this Is equivalent to a homogeneous
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displacement <5> = -§• "X

According to the theory under dlsGusaion*
fMK= -_i_ G- VCos1 f  = -K 0 Cos1 H>

where TTn Is th© new anisotropy coefficient introduced by 
m g n e tic annealing»

We will now conparc *hr calculated value of T0 with the 
measured value .for tlm nickel alloy. How Gr “ E2( l + o-)

are <r~ is Pol a son13 ratio and <r- ̂  0*5 for nickel-iron 
alloys (Ilf). Vie m y  take "X * 17 x X0~^ and K » l.Hj x 
1012 dynos/ci?^ (ll*) and obtain no (Calc.) * 925«lt erge/oo# 
From Plata 20 we obtain *Xj {A©aa•) * 2500 erg*/co.

According to Becker and luring (lit)* at Ol^ nickel the 
mgne toe trio tlon I® aero In all directions and therefore %  
should be aero* w© have found that L0 ** 000 ©rga/cc at 31$ 
nickel, which is in contradiction to tin© theory.

Another contr&dictlon to the theory under discussion Is 
the reduction in permeability on mgnetic annealing nickel- 
iron alloys containing more than 9<$ nickel* If th© mag­
netostriction changed sign at elevated temperstures th© 
discrepancy could be resolved* However, according to Bor­
ing 1s data on the magnetostriction of nickel at different 
temperatures (6), tills does not occur. However, It Is 
known that th© anisotropy constant, l'.lP for nickel (5) does 
change sign as the temperature Increases* Mow if r.^ 0 
during th© magnetic annealf jlDOj is the "easy** direction 
of nagnet Isa tlon* Th© presence of tin© magnetic field will
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result In a torque tending to rotate misaligned domains 
Into the field direction* If this torque can be frosen 
Into the lattice on cooling, somehow, then it might tend 
to rotate the magnetic vector out of th© desired direction 
where 0 at room temperature and the 11 easy” direction 
change® from [loq\ to jjLliJ •

If the torque tending to rotate th© magn©tlzation into 
the field direction can be frozen into the lattice on cool­
ing, this might account for effects observed on magnetic 
annealing when "X la ssero. Thus it la possible that a 
modified form of th© plastic flow of domain theory could be 
retained when "X =0.

Kaya (1 )̂ 1ms proposed that the mechanism of magnetic 
annealing is associated with superstructure * He suggests 
that the superstructure acts as a paste and holds th© do­
mains In position when th© magnetic field is removed. Sine© 
pur© metals do not form supers true tun*©, this could not ex­
plain our results with nickel* The result® of magnetic 
annealing iron have been reported by several investigators• 
Since their results ar© conflicting, w© have repeated the 
experiment on two samples of iron* Our result® are shown In 
Table 5* Th© magnetic ingot iron Is of commercial purity 
and It is seen that only a slight increase in permeability 
la obtained by magnetic annealing* The electrolytic Iron is 
a purer grade and a significant Increase in permeability is 
obtained* Mihars (16) has carried out similar experiment® 
on silicon-iron alloys* He has found that th© presence of
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only minute amounts of impurities will suppress the effec­
tiveness of magnetic annealing* Therefore, it is possible
that a much greater change In permeability would be obtained 
if purer iron were used in these experiments.

TABLE III
EFFECT OF MOMETIC AJtiVBALXNG OF IROH

Material
Magnetic Ingot Iron

Magnetic Ingot Iron

Electrolytic
Iron

ElectrolyticIron

P u r ity

99.89£f«

99„99$F®

Maximum

8732

9266

20,153

2?,5^X

Final Anneal

Slowly cooled with out magnetic field

Blowly cooled in 
87*2 oersteds

Slowly cooled with­out magnetic field

Slowly cooled in 
87.2 oersteds

However, it Is possible that superstructure might be a 
contributing factor in the mechanism of magnetic annealing 
of alloys and this will be taken up in the next section.



SECTION V I I

STJPJSRSTRUCTURH

On© indirect method of determining th© presence of 
superstruetur e is by measuring the resistivity of an alloy. 
This 1ms been don© for the alloys used In this investi­
gation using a Kelvin bridge. Our results are shown in 
Flat© 21* Th© resistivity of th© baked specimens deviates 
considerably from the quenched specimens near nickel*
Thls c orr©mponds to Hi jFe.

In order to determine whether the presence of a mag­
netic field had any Influence on superstructure, a quenched 
specimen was baked for l8~houra at l*25°c In a magnetic 
field# Th© maximum permeabilities obtained ar© shown In 
Flat® 22. The dashed curve In Plat© 21 shows th© resis­
tivities that were obtained* It is seen that w© have dis­
covered th© significant fact that the formation of the 
superstructure Is retarded by the magnetic field* This is 
particularly noticeable at 90# nickel and above.

Other experiments war© performed In which a baked 
specimen was re-baked in a magnetic field. It was found 
that the resistivity Increased substantially except when 
close to the 75^ nickel composition where th© tendency to 
form a superstructure was th© strongest.
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Th m  it lu Been that one factor in Urn mmclmnimi of 
tmgnoti© annealing la th© influence of th© mgna tic field
on th® formation of aupira true two#
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