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ABSTRACT

The development of Alternating Gradient Magnetometer is presented. The instrument
measured hysteresis curves for magnetic material such as ferri-ferromagnetics. The principle of
instrument provides measurements of magnetic moment of a sample oscillating in small probing
nonuniform AC magnetic field superimposed on slowly sweeping DC uniform magnetic field
which magnetizes the specimen being measured. The specimen with nonzero magnetic moment is
moved in field gradient due to the force. For amplitude oscillations in the region of constant
gradient the specimen which is proportional to force, will be proportional to magnetic moment.
So, we will obtain magnetic moment in curve hysteresis form and we can find the important
parameter of hysteresis such as the remanent magnetization (M ; ), the retentivity flux dencity
(B r) , and the coercivity fields (H C) and the remanent magnetization cross thickness (M % 5 ) of
loundspeaker magnetic material and magnetic thin film of rigid disk respectively. For the
instrument to measure hysteresis loops parameters with * (0 e 5)% percentage error and emu

magnetic moment sensitivity for dynamic range 107 =10 fernu
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290 mm

Diameter of copper wire : 2.6 mm
Tums : 1300

Resistance : 2.6 ohms
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60 5.350 45.0 5.700 50.9
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0 6.330 24.2 6.750 24.8
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55 6.290 50.7 6.350 56.0
60 6.290 52.5 6.250 57.7
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30 mm

Diameter of copper wire : 0.5 mm
Tums : 200

Resistance : 1.5 ohms
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M503ile AGM ANannvuToumouiunisaiiodauuy KERR Lazin3odiio

TRDM ¥04815620013813 AA e RD#2

3 3 - .
393D AGM M303319 CELNTLECIITY
. &
TCTTRLTAY TRDM KERR
uunid Teuassy 0.774+ 0.008 0.812 3

MY X AN

M t(10" emu / cm*)

AUMMINAD 2.429 + 0.027 2517 2.668
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Swounsy | Tuendud | wunillaesy wunil s avuTaees
3a iman A9 AIi1e x AUMI | §38 H._(KOe)
2(107* emu) M (emulcm®) M (107 emu / cm®)
1 4.937 281 0.844 2413
2 4.834 276 0.827 2.364
3 4.937 281 0.844 2374
4 4.937 281 0.844 2.380
5 4,834 276 0.827 2.429
6 4.834 276 0.827 2.397
mau 4.886 279 0.836 2.388
AUADIA +0.046 +2.280 + 0.008 £0.027
maou
%ANUAAIA | +0.943% +0.718% +0.911% +1.041%
nADY

o 4 d' ar J Ny o 4
INMSIANIIMNFTMROTFavaunseile AGM  MsnnvudlonlSoumeuiunsosile

Janswamnesda lav1dlsngmsaiveunoss(KERR)

A A
HAZINIDIND

NON-CONTACT

TURBO ROTATING DISC MAGNETOMETER(TRDM) v93u3undan(iseme ne)ina

v ¥
uaraaliiriudsnisnan 5.30 ae'hil

m31a# 5.30 unnil laduguidronammn (M, ) uazaulaesidin (H, ) 7ldn

4 A A o & P w A A @ A &
5999 AGM 'YIwﬂlu—]'Uuﬂﬁﬂﬁlﬂﬂﬁﬂﬂlﬂﬁﬂﬁn&]jﬂunﬂ KERR LOZIATDIUD

TRDMYUBIa15A20019813 AR en RD#3

130l AGM 1309l inspaileSau
iy TRDM KERR
wnnil lawsdu 0.836+ 0.007 0.836 :
AR X AUNUN
M (107 emu / cm®)
AuBIMan 2,388+ 0.027 2.494 2.589
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5.2.15 HANINARBIVDITI5AIDEI1IAATH RDH4
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710 5.18 nsmBanes Tavesa1sAIed9eITAAN RD#M

H o s o o
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i¥a udiman AR Aaa x A, | 538 H (KOe)
110" emu) | af (omulem®y | M 1107 emulcm?)
1 4114 254 0.762 2.528
2 4217 260 0.781 f 42626
3 4114 254 0.762 2.626
4 4217 260 0.781 2.594
5 4217 260 0.781 2.626
6 4217 260 0.781 2,626
mio 4.183 258 0.775 2.604
AMUARIA +0.043 +2.530 +0.008 +0.032
iAoy
%ANUAMIA | +1.038% +0.981% +1.034% +1.239%
Lﬂ{%ﬂu
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ar 3 'w o 1 :‘ ar { § §
Wanndu fialdvesiedmsumimanagl1ddsmisei 6.1 feasni 6.2 uazgli 6.1

51N 6.11

A13197 6.1 Armmuniuvdndnaine (B, ) uazauwTneeid3a (H, )ildnn

4 :{ ar g [ ar ar “ 1 4
139900 AGM NNANAINIToUMBUNUNUIATEINB VSM T4 7307 101G

ilo B-H CURVE TRACER 3u BH-5300

AD814

1 =
mLuan

In504i/0 AGM

IN30410 VSM

InT04ie B-H

CURVE TRACER

B,(kG) | H(kOe) | B,(kG) | H(kOe) | B,(kG) | H (kQOe)
#001 4,252 3.059 4.200 2.940 4.190 3.090
#002 4.173 2.852 3.960 2.770 4.320 2.790
#003 3.936 2.714 3.810 2.790 4.260 2.730
#004 4.060 3.206 3.960 3.180 4.170 3.100
#005 4,096 3.086 3.860 3.060 4.190 3.060
#006 4.158 2.867 3.970 2.990 4.240 2.910
#007 4.300 2.812 4.370 2,740 4.380 2.870
#008 4.197 2.874 4.090 2.850 4,250 2.820
#009 3.832 2.884 3.670 2.830 4.060 2.780
#010 4.030 2.720 3.970 2.660 4210 2.660
#011 3013 2.512 3.710 2.490 3.970 2.490
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1 = @ oo P
M3199 6.2 uunil lardugudsnnunu (M,t)u,azﬁumiﬂmﬂwm (Hc) n

i 4 - 3 L3 4
TénnnTealie AGM AaTulSouhouiuniesiie KERR wag

1n3049i10 TRDM

130930 ny0iio n309il0
A20814 AGM TRDM KERR
asiaiman Mt M.t M, t
: (1 ot emu] H ,(kOe) (1 0 emu] H,(kOe) [1 - emu) H,(kOe)
cm?® cm’® cm?
RD#1 0.770 2.569 0.811 2.528 : 2.602
RD#2 0.774 2.429 0.812 2.517 % 2.668
RD#3 0.836 2.388 0.836 2.494 - 2.589
RD#4 0.775 2.604 0.712 2.782 2 3.032
RD#S 0.633 2.938 0.7130 2.859 : 3.120
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DC MAGNETIZATION CHARACTERISTICS
AUTOMATIC RECORDER
MODEL BH-5300
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DENSHIJIKI INDUSTRY CO., LTD.

TOKYO, JAPAN

3UM W.9.2 1A394il0 B-H CURVE TRACER j1 BH-5300 ¥99U38n DENSHUIKI
INDUSTRY CO.,LTD
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Figure I-1. Front View of the TRDM'

319 1.3 1n703310 Turbo Rotating Disk Magnetometer (TRDM) iMmau3timinn (Uszine
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UNITS AND CONVERSIONS
Magnetim
cgs unit msk unit
B=H +4zM B=puH+M
B in gauss B in weber/merer"(tesla)
H in oerste H in amperes/meter
M in emu/cm’ M inweber/meter’

M (vacuum)=1

1 (vacuum)=47 x 107

weber/ampere meter

cgs to mks

mks to cgs

B : 1 gauss = 10" weber/meter’
H : 1 oersted = 79.6 ampere/meterr
M : 1 emu/cm3 = 12.57 x 10" weber/meter

¢ : 1 maxwell = 10° weber

1 weber/meter’ =10" gauss
1 ampere/meter = 12.57 x 10" Oe
1 weber/meter’ =796 emu/em’

1 weber = 10° maxwell

Length

1 angstrom(4') = 10" cm

I micron( ) =1 0° meter

Iem=039in

Lin =254 cm

= 10" em 107 in= 1'mil =2.54 p
=10"4d" 11 =39.4%10°in,
Mass
1 kg =2.2051b I'lh = 0.454 kg
Energy

lcal=4.19 x10° ergs
lerg=10" Joule
1eV=1.602x10-12 erg

1 ergs = 2.39 x 10° cal
1 joule = 1 0 ergs
lerg=6.25x10" eV

1 ] ' ' o
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Stress and energy density
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1 dynefem’ = 1.02 x 10° kg/mmz
=1.45 x 10° Ib/in’

1 kg/mm’ = 9.80 x 10" dynes/cm’
=1420 Ib/in’

1erglem’ = 10" joule/meter’

1 1b/in” = 6.90x 10" dynes/cm’
=703 x 10° kg/mmz

1 joule/meter3 =10 ergs/cms

Power

1 watt = 1 joule/sec
=10 ergs/sec

= (0.239 cal/sec

Core loss per unit weight

I watt/kg = 0.454 wait/Ib

1 watt/lb = 2.205 watt/kg

Metric prefixes

10" tera T 10° milim
100 giga G 107 micro 7.
10° mega M 10° nano n
100 ko k 107 pico p
10" hecto h 107 femto' f
10" deka ‘da 10" atto - a
10" deci d

100 centi ¢

11U a1 miazmsulasmisemanivan i luszun ces uay mks@io)
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AMANTAMABINANVBIANIAI0EINNATIFIU HNa(Nickel) UHUN 1

Meptunium
See tables at end of this section

Mickel (i)

Cempiled by Donald L. Posquine

The International Nickel Company,
Inc.

Structure
Crystal structure. Face-centered
cubic; ¢ = 0.35167 nm at 20 °C

Mass Characteristics
Atomic weight. 38,71
Density. 8.902 Mgfm? at 25 °C

Thermel Prepertics
Melting point. 1453 °C .
Boiling point. Approx 2780 °C
Coefficient of thermal expansion.
Linear, 13.3 pm:m'K at 0 to 100*C

Specific heat. 471 Jkg'K at 100°C

Recrystallization
370 °C

Thermal conductivity. 529 \Wm‘K
at 100 °C

temperature.

"Electrical Propertics

Electrical conductivity. Volumet-
ric, 25.2% IACS at 20 *C

Electrical resistivity. 68.44 nfl:m
at 20 °C; temperature cosflicient,
69.2 n(-M paz K at.0 to 100 'L

Magnetic Properties

Magnetic susceptibility. Ferro-

magnetic

Magnetic permeability, pmax =
1240 at B = 1900 G

Coercive force. 167 A'm (from H =
4kA/m)

Saturation magnetization. 0,616 T
at 20 2

Residunl induction. 0. 000 T
Hysteresis loss. 685 J/m?atB = 0.6
T

Curie temperature. 358 °C
Optical Properties
Color. Grayish-white
Spectral reflectance. 41.3% for A =
0.30 pm
Huclear Properties

Effect of neutron irradiation. Re-
zults in small incrcese in tensile

strength but large increase in. yield-

strength

Propertics of Pure Metals/777

Chemical Properties

General corrosion behavior.
Nickel is not an active element chem-
ically, does rot readily evolve hydro-
gen from acid solutions and usually
requires the presence of an oxidizing
agent for significant corrosion to oc-

cur. Generally, reducing conditions.

retard corrosion whereas oxidizing

conditions accelerate corrosion of

nickel in chemical solutions. How-
ever, nickel may also form a protec-
‘tive corrosion-resistant, or passive,
oxide film on exposure to some oxi=
dizing conditions.

Mechanical Properties

Tensile properties. Typical. Tensile
strength, 317 MPa; 0.2% offset yield
strength, 59 MPa; elongation, 30% in
50 mmior 2'in.

Hardness. 64 HV (annealed)
Poisson’s ratio. 0.31 at 25°C
Elastic modulus. Tension, 207 GPa;
shear, 76 ‘GPa; compression, 207
GPa 1
Velocity of sound. 4.7 km/s at 40
e

SELECTED REFEREMCES
E. M. Wise and R. H. Schaefer, The

* Properties of Pure Nickel, Metals and

Allovs, Vol 16, 1942
W. A Wesley Preparation of Pure
Nickel by Electrolysis of a Chloride

Solution, Journal of the Electrochem-

ical Seciety, Vol 103 (No. 5}, 1956

G. W.. P. Rengstorfl, "High-Purity

Metals”, -Report 222, Defense Metals

Information Center, 1968

"Nickel 2nd Its Alloys”, National Bu-

reat’ of Standards \ionegraph 106,
1968

J. Crangle and G. M. Goodman, The
Magnetization of Pure Iron and Nick-

. el, Proceedings of the Roval Society

(Series A), London, Vol'321, 1971

E. Hultgen, et al, Selected Values of
the Thermodynamic Properties of the
““Elements. American Society for Met-
als, 1973

Miohium (Celumbium) (Nb)

Compiled by E. S. Bortlett
Baotielle Memorioal Institute
Reviéwed for this edition by

L. H. Belz -

Kowecki Eerylco Indusizies, Inc.

Niobium is used as an alloying ele-

ment in nickel- and cobalt-based su-
peralloys as well as some grades of
stainless and low alloy steels. It is
also used as an alloy base for various
combinations with zirconium, hafni-
um, tungsten, tantalum and molyb-
denum to increase high temperature
mechanical properties. Niobium, nio-
bium-titanium alloys and niobium-
tin alloys are. used as superconduc-
tors. Niobium oxidizes and becomes
contaminated with absorbed oxygen

- rapidly above about 400 :°C in
oxygen-containing atmospheres, in-
cluding atmospheres normally con-
sidered neutral or reducing; absorbs
hydrogen at temperatures between
about 250:and 950 °C from hydrogen-
containing atmospheres. Contamina-
tion by interstitial elements results

- in loss of ductility at ambient tem-
perature. Conseguences of high im-
purity levels include impaired fabri-
cability, increased ductile-to-brizzle
‘transition'temperature, considerable
low-temperature strengthening with
attendant lossiin ‘duetility, intensi-
fied strain-aging effects at slightly

“elevated temperature, and slicht
strengthening 2t higher tempera-
ture.

Structure

Crystal structure. Bodv-centered
cubic, a = 0.3294 nm, atemic diarre-
ter, 0294 nm

Slip plane. 110

Metallography. (1) Grind through
000 emery; (2) rough polisn with
coarse diamond in kerosine; 73) stan-
dard finish polish with alum:nz; (4)
ejchant (all acids in parts by volume
ofigbora»ory reagent grades: 30 lac-
tic—10 nitric—5 hydrofleoric aeid
solution (more HF for allovs); (3)
chemical polish (for (readara of dis-
tortion, if required): 30 lactic--30
nitric—1 to 2 hydrofiuoric; {8) eice-
trolytic etch (for particularly wuni-
form grain-boundary definitioa:
90H.SO-10HF at 2 V.,

e

Mass Characteristics

Atomic weight. §2.2064
Density. At 20 °C: 3.57 Mg/m?

Thermal Properties

Melting poant 2468 °C

Boiling point. 4927 °C
Coefficient of thermal expansion.
Linear:
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Mercuzy is a heavy silvery-white metal which i3 liquid at normal femperitures.
In its solid form (below =39°C) it is soft, ductile and malleables Beentise ol ity
wide liquid range and high coeflicient of thermal expansion it iswitely ised in
thermometers, but its chiel application is in the chemieal and pharmaceutical
industrics. Specific industrinl uses of mercury include solders (4 1o K% micrcury).
as an active clement in primary battericss mercury vapour plant and wvicuum
plant; rectificrs: fuiminates; as amalgams with silver, tinand gold: and prealloys
in powder metallurgy. ! =

Mercury vapour is poisoncus and the maximum concentrition whicl can be
tolerated in a working atmosphere is of the arder of 0.1 g/m? per cight hour day.

Commercial purity mercury (99.7% mercury) s wbtained by distilling the
crude metal extracted from ginnabar. Hoormally contains traees of aluminivm,
copper, iron, lead, magnesivm, chromium, nicksl &l manginese.

MG

Aluminium-mangancsium alloys (British).

MISCH METAL

Rare-carth alloy sce Lanthanet, g : ;

MOLYBOENUM

Symbol: Mo

Specific gravity: 10.22

Density: 10.22 em? (0.369 brin?)

Tensile SII'CI;glh (approx) (annealed): 32.3 kgtmm (20,5 (onshind)
Yield strength (annealed): 5.9 kgiem? (3.75 tonshind)

Madulus of clasticity: 13%10% kghom? (47 10410 ?) ;
Clongation (annealed): J

Melting peint: 2610°C r4730°F)

Coclficient of lincar expansion: 4.99X 10°6 idegC

Thermal conductivity (ciren 2020 0.3 ealle/omUscerdeg €
Specific heat at 20°C: 0.066 cal/ghlegC :
Electrical resistivity: 5.2 p ohm e A

Molybdenum is a soft silvery-white metal which can e faichined and formed
readily, and also welded. 1t work hardens 1o a brittle stale bt ey beanncaled.
[t eannol be hitrdencd by heal treatment,

The principal use of molybdenum is as an alloying elenentimallyy siecls and
tool sleels to improve mechanical propertices ingd resistance figgeep af cleviad
temperatures. 11 is an elfective alternative 1o tungsten in this respect. T alseres
duces temper brittleness in low alloy steels and case hardening stecls. A Tuethes
application is in austenitic stamless sieels 10 IMProve Corrosion iesisinge

Mulybdenum ‘metal s used For electrodes, Tament supports, rexistinee le
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NOM-FERROUS METALS AND ALLOYS i,

ments, ete m the electrical industry; also lor glass-to-metal seals, resistance wehl
ing clectrodes and heavy duty contact breakers. The most ductile form af 1'w
et produced by powder metallurgy in bar form which can subsequently '~
reworked inte fine wire or thin sheet. More lunited use is made of molybdenum

alluys, suchias melybdenum (60%4) cupro nickel (2Q%) platinum (10%) and I“IHK

sten (107%4) as #n_allernative 1o osmiroidium lor tipping pen nibs: and moly!
denum-copper-puresiron alloys lor corrosion resistant duties in the chemi !
indistry, cte, -

MONIEL
Sec Nickel,

MUNTZ METAL
60/40 copperfzine briss

NICK Bl ANDNICKEL ALLOYS
Synibol: Ni
.\'pg:ciﬁc pravity: %.8%
Density: 388 prem? (L3217 Ib/inY)
Meltingpoine 1453°€

The Liest national specilicatign o pure nickel is DIN 1701: 1974 see Taldhe
45, Composition of gypical commercial nickel is given in Table 46, with mecha: -
ical preperties in Tables 47 and 48, Dritish Standards for the”specification «
nickel anel picke! alloys arc: -

DS A0 Nickel-cupper silloy custinps

11573072 Nickel and niekel alloys, sheet and plate
BS 3973 Nickel andenickel alloys, strip

1S 3074 Nickel andnickelalloys, tube

18 307§ "Nickckind nickel wlloys, wire

BS 3076 Nickeland nickel alloys, rods

Wrought wickel gontaining 99% nickel (NAIL) has a lensile strength +!
3.8% 10% N/m2 (25 1ans/in?) in the anncaled conditien and a hardness of abor-
125 (Vickers) Low carbon nickel (NA12) has a slightly lower tensile strenpr”:
and hagdnessdit the annealed condition. The main dilference between these 1w
compaoundds is in the carbon content (NATI 0.15% maximum; NA 12 0.02% ma-
v ), Strength can be ingrensed by cold working, although this will redu
ductility, The low enrbon metal (NA12) is more ductile and is preferred for dee:
drawing, ele. e

The varions pickel alloy types and Fimilies are deseribed umder separate hem!

s,
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1% . NON.-FERROUS METALS AND ALLOYS

TABLE 45 - DIN 1701, GRADE C-Ni 92.95 COMPPOSITION, WEIGHT PER CENT

Nickel plus cobult 99.95000 minimum Silver 0.00010 maxinwm
Cobalt 0.00050 maximum Silicon 000050 maximum
Arsenic 0.00050 maximum Tin 0.00010 maximum
«Curbon 0.01500 maximum Zine Q0001 O anzeaimum
Copper 0.00100 mauximum Alwminium Q00018 maximum
lron 0.02000 maximum Bismutn GO0002 maxinrtum
Muangunese 0.00010 maximum Scienium DOH0 10 maximum
Phosphorus 0.00050 maximum: | Tellurigm 0.00005 maximum
Lead 0.00010 mazinuwm Thallinm GO0O10 mrximum
Sulphur 0.00150 maximum Tuntatum Q00010 miainim
Antimony 0.00010 maximum

TABLE 46 - COMMERCIAL NICKEL

Typicl compositior
Electrical prapertivs

Wn:‘;ll‘lll 1 Cast Electrical ecsistance
? * 20°C j enmvem’ 90
Nickel} , 99.510 Wl 20°C ohunw/sg mil 7t 425
Copper 0.070 00 max 20°C ohmweir wul 1 S0
Iron 0.140 100 imux Temperature coetlicient of
Maunginese 0130 0.50-1.50 clectrical resistange
Silicon 0.0)0" 1.00-2.00 0-100°C - 0.004:0.006.
Carbon 0000 €30 nwaix .
Sulphiur 0008 005 s D lagnetie propectios
na . Satngtion wdvctivg fHRE pauss
Pncludes a small smmount of cabalt ’ 1npprax)
Magngtic periimability
£ & 1= 20 ocesteds 1000
Physicul properiics " F
Specilic gravily KR ot o 200
Weight, Ibin?, 0,321 RSl PRy .

Maguelic anslormastine paiin,
Thermal properiics "% 160
Meliing range, *C | 435 1445

Specific heat, 27-1000°C 0010 + Speed of sown 3
Cocllicient of thermal cxpansion, Longitudiial bar,wuvsee 47 x 108
millionths per °C, -
25-100°C 13300 Modulus ol clastivity
J00-600°C 16,504 1bAu? dn psion 24-30.% 1k
Thermal conductivity, cgs unils 0.145 Abdin? in torsion s o

Nickel-copper alluys
These fall into three broawd categories:
Lo atiekel alliys with nicke! content less than sbout 0%, These Sxhibitescels

lent resistinee (o corrosion (particularly sea water attack) smd may also incorpa-
rate a small per n.'um‘-l-,c of iron (cg 2%). Alloys in this range are also used Tor

clectrica) resistancs wires s coinage.

g g oot A et

A et e e s ey

NON-FERIROUS METALS AND ALLOYS 7 17

TABLE 47 - MECHANICAL PROPERTIES OF NlCKlEI:

10.2% proofl | Maximum E.lrfngnlinn Fineih
Farm, Comdition stress slress in $\/area :Jl"i‘:”
% lowin? ton/in? « Y% :
Rounds Cold-rolled or drawn|  28-15 a-45 15-20 180210
Squares Ritteanncaled 6-8 28-30 50-40 B0 -110
Rectangles 1ot-rolled et 8-12 30-35 50-40 90-120
Hexagons A
Plivte Hot-rollgd 9-13 M-45 50-40 100-210
Sheet nnd strip | Cold-rolled 7-20 2515 50-15 920-120
Ditto anncatled 4-13 22-36 - 50-15 90-120
Wire Cald-drawn, regular
temper 5 40-53 47-63 15- 4 -
. Ditto arncaled 413 | 22-35 50-30 —
Tubing Cald-drawn 22-35 31-42 15-15 150-230
Dilto sinncaled 7 413 22-25 50-35 90120
Castngs As cist 1 9-13 24-28 15-15 #0--120
T

TADLE, 43 - MECHANICAL I"'ROPERTIES NAII NICKEL (BS 3072)

Ly o Tensile | Elongation 0.2% Tensile Hardness
_—_ proof streagih | on SO mm proof strenpth 1y
e ) stress {or 2 in) stress *
niin min min min min max
Il hbar Y tonfin? won/in?
Cold rolléd ; p
amld 10.5 8.0 40 6.7 .6 125
anngaled
Hot rolled
and ¢ 10,59% 38.0 40 6.7 24.6 125
winesled {

Mediuhiatickel alloysthese have a nickel content of between 28 and 34%, cor-
responding (o NA L3 nickel-copper alloy for sheet, plate, strip. cte, or a nickel
conlent between 30 and 40% for clectrical resistance wires and thermocouples,

Ligh nickél alloys containing about 70% nickel. 30% copper with small additions
ol igan and manganese, are known as Monel. Mongl combines good mechanical
propertics with cxcellent resistinee 1o corrosion and good high temperature
propertics, Typical propertics of Monel are summarised in Tables 50 and 51, K-
Manel is o modificd form of Monel which is heat trestalile and age hardening to
enhanee its mechanical propertics see Table 52. K-Monel is pon-magnetic.
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VALUES FOR THE LANGEVIN FUNCTION £(u)
Compiled by Allen L. King

Because of random thermal rotations a dipole or dipole-like element ordinarily has an average dipole moment of zero. If it is placed in an orienting
field F however it tends to align itself with the field so that the average component of the dipole moment paralicl to the field equals p. Classically, if
the system is in thermal equilibrium,

P = po(coth u — 1/u) = pf(u)

Here p, is the permanent moment (electric or magnetic) of the dipole, and £(u) is the Langevin function of the argument u which equals Fp, IkT.
The following table gives values of £ (u). Note that for u « 1, £ (1) = u/3: for u » I, £ (1) = (u — 1)u.

(u) 0 1 2 3 4 5 6 7 8 9 10 Difr.

0.0 .0000 .0033 0066 0100 0133 0166 .0200 .0233 0267 0300 0333 33
0.1 0333 0366 0400 0433 0466 0499 .0532 .0566 0599 0632 0665 33
0.2 0665 .0698 0731 0764 .0797 0830 0863 0896 0928 0961 0994 33
0.3 0994 1027 1059 -1092 1125 1157 1150 By ] 1255 1287 1319 325
0.4 1319 1352 1384 1416 .1448 1480 1512 1544 1576 1608 640 32
0.5 1640 1671 1703 1734 1766 1797 1829 1860 .189] 1922 1954 31
0.6 1954 .1985 2016 2046 .2077 2108 2139 2169 -2200 2230 e | 31
0.7 2261 2294 .2321 2351 2381 2411 244) 2471 .2500 22530 2559 30

0.8 2559 2589 2618 2647 2677 2706 2735 .2763 2792 2821 2850 s
0.9 2850 .2878 .2906 2935 .2963 2991 3019 3047 .3075 3103 3130 28
1.0 3130 3158 3185 3213 .3240 3267 3294 3321 3348 3375 .3401 27
159 ] .3401 3428 3454 -3481 .3507 3532 .3559 3585 3611 .3636 3662 26
r2 .3662 .3688 3113 3138 3763 3789 3813 .3838 3863 .3888 2912 25
1.3 3912 .3937 3961 3985 4010 4034 4057 4081 4105 4129 4152 24
1.4 4152 4175 4199 4222 4245 4268 4291 4314 L4336 .4359 4381 23
1.5 4381 4404 4426 4448 4470 4492 4514 4535 4557 4578 4600 22
1.6 4600 4621 4642 4663 4684 4705 4726 4747 4767 4788 4808 21
1.7 4808 4828 4849 4869 4889 4908 4928 4948 4967 L4987 5006 20
1.8 5006 .5026 5045 5064 .5083 5102 5120 5139 5158 5176 5194 19
&) 5194 Wweld 5231 .5249 5267 5285 .5303 5321 5338 5356 . 5318 18
20 S373 5350 5408 5425 .5442 .5459 5476 .5493 5509 3835 .5543 17
2.5 5543 5559 5545 .5592 5608 5624 5640 5656 5672 5687 5703 16
2.2 5703 5719 5734 .5750 5765 578G .5795 .5810 5825 5840 5855 15
2.3 5855 5870 5885 .5899 5914 3928 .5943 5957 5971 5985 .5999 14.5
24 .5999 6013 6027 6041 .6055 6068 .6082 6096 6109 6122 6136 15
2.3 6136 .6149 6162 6175 6188 .6201 6214 6227 .6240 6232 .6265 13
2.6 6265 6277 6290 46302 6314 6327 6339 6351 6363 .6375 6387 12
2.7 6187 6399 H411 6422 6434 6446 6457 6469 L6480 .6492 .6503 12
238 6503 6514 6525 6536 6547 6558 6569 6580 6591 6602 6612 11
29 6612 6623 6634 6644 6655 6665 6675 6686 6696 6706 6716 10.5
3.0 6716 6726 6736 6746 6756 6766 6776 6786 6796 6805 6815 10
3.1 6815 .6824 6834 6843 6853 .6862 6872 6881 6890 . 6899, 6908 9
3.2 6908 6917 6926 6935 6944 .6953 6962 6971 6980 6988 6997 9
3.3 6997 7006 7014 7023 7031 7040 7048 7056 7065 7073 7081 8.5
34 .7081 7089 7097 7106 114 72 130 7138 7145 7153 7161 8
33 161 7169 N7 7184 - 7192 7200 7207 7215 7222 7230 J237 8
36 1237 7245 7252 1259 7267 1274 7281 7288 7295 7302 A3100 7
- B 7310 JITT 7324 1331 7337 7344 7351 7358 .7365 1372 7378 1
3.8 7378 7385 7392 7398 .7405 1412 7418 7425 7431 7438 T444 7
&9 7444 .7450 7457 7463 7469 7476 7482 7488 7494 7501 076

PROPERTIES OF MAGNETIC ALLOYS

Composition,* Maximum
e Remanence. | CCRYe | oo
Same (u:ﬁ:w 1o (BH)mae
&3 (Oersteds) {Gauss-
Al | Ni | Co|Cu| Other Oersteds X 10-4)
U.s.A.

Alnico [ 12 -2 5 ... ]....- 7,100 440 1.4
Alnico I1 mn n7 IE.RE 4. 7,200 540 1.6
Alnico 111 12 |24-26(....| 3 S 6,900 470 1.5
Alnico IV 12 ET-288 1] . 5, 51 Tt 1.3
Alnico V1§ 5 L4 24 L\ S 12, 5040 [} 5.0
Alnico V DGt 8 114 24 o R 13, 100 640 6.1
Alnico YIt B 15 124 3 |L23Ti 10,500 7 3.75
Alnico Y11t AMNR 24 [3 |5Ti 7,200 1,050 2.73
Alnico X11 8 8 135 el 5 5, Rk 950 1.6
Carbon steel oy i M N 5 1 " 10,000 50 n.2

0.9C
Chromium stec] P e S A - U 9,700 85 (]

e e

0.3 Mn
Cabalt steel (e RS 17 Lo 2.8 9,500 150 0.65

3w

0.75C
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PROPERTIES OF MAGNETIC ALLOYS (continued)

Composition,* Maximum
Weight Coercive energy
N percent n"""";:'“"' force product,
(CR PR B [ -
oz £ s auss-
Al | Ni | Co|Cu| Other |Ocrateds X 10-4)
Cunico |21 |29 3,400 660 0.80
Cunife 120 2 5,400 550 1:5
Ferroxdur 1 BaFe Oy 2,200 1,800 1.0
Ferroxdur 2 BaF 10 (oriented) 3,840 2,000 3.5
Platinum-Cobalt  |....]..... 23 -l... 7T 6,000 4,300 7.5
Remalloy 17 Mo 10,500 250 1.1
Silmanol 86.6 Ag 550 6,000 0.075
8.8 Mn
Tungstensteel L.l 3 5W 10,300 70 0.32
0.3 Mn
0.7C
Viealloy 1 ] 82 L300V 8,800 3 1.0
Viealloy 11 ¢ [T LT PO B THY 10,000 510 3.5
(wire)
Germany
Alni 90 12 T2 <o e MR B, 00 350 ¥
Alni 120 Wl 27 [ 6,000 570 1.2
Alnico 130 12 |23 4 . 6,300 620 1.4
Alnico 160 1T T2 [T2% 1 ...%4. 6,200 700 1.6
Alnico 190 12120 15 )4 7,000 0 1.8
Alnico 250 & [ 2300 4 | 6,500 1,000 s
Alnico 400t o 115 123 14 LL 2 12,000 650 4.8
Alnico 5801t /] 15 |23 4 13,000 i) 6.0
(seniicolumnar)
Oerstit 800 o 8 h9 |4 [4Ti 6, 600 750 1.9§
Great Hrilain
Alcomax | T8RS 1 1.4 12,000 475 3.5
Aleamax 11 b 1.524 S e e 12,400 575 4.7
Alcomax 115C
(semicotumnary RANE Dy | - BFAA 12,800 600 5.15
Aleamax 111 s J.ake 3 0K XD 12, 500 Gio S0
Aleomnx 1115C X OM3.5124 13 Qo8 N 13,0060 7t 580
{emicolmnnar) |
AleonanalV X 3 T ANy TR o1 F
Alcomax IVSC N 30028 Xh Ve, 700 st 510
(semicolumnar)
Alni, high B, 124 W Sl 6,200 480 125
Alni, normal ofi L 3,600 580 1725
Alni, high 11, 12 W32 AR L0058 Ti W T 650 K25
Alnico, high B, 10 17 ' 4 6 o5 g NS ANy ) 1.30
Alnico, normal A =\ S 25 S04 1.70
Alnico, higen Al m w1356 1023 T G, 600 52 1.50
Columax similar tor Alcomax T or TV 103, 000=04 , 000) T30-R00 T.0-8.5
(rolumnari | i J i 3
Hycomar 3 S 2, YR 3 6t N K30 3.3

* Remminder of unlisted composition 18 either iron or iron plus (rare finpuritios
t Cast anizotropic. U'nmarked ones are east isotropiv.

HCH PERMEABILITY MAGCNETIC ALLOYS

(S sepnrate table for mapgnetic properties)

1
Composition.*

Name Weight
pereent

== B S ™ M, ey e el SO

Silwon aren S04
ALIST M 1S
Silicon aron =

AlIST M 8

45 Permale Nodd; Ma o
loy i

Monimax ' Nid7; Mo 3

|
4-79 Permal- No 79, Mo 4,
Mn0g

loy

Sinimax

'
|
1
Nu-metal

Supermalloy Ni 79; Mo 5;
Mn 0t

2-V Per-

mendur

Codm V2

|
Iy
I
|

Tensile strength

flow vore losses

|

Audio transflormer,
couls, relays

High frequeney
cails

Audio coils, trans-
formers, magnetic
shields

Segfe, | — A G E T O¥ ook
e 5 7 !
L kpimm®” Form
o Y Ty VAnaenled 4 hes
| i |oso2-pomsee
ToBNeT 4.2 {irain I Annealed 4 hrs |
I wriented LD BUTE b
%7 |
|
wa |
LT | 354
I

H: annealed
i o a2

448

* Iron 1= additional alloying metal,

*tkg/mm? X 042

§ o= Ihs/in?

High frequency coils

Audio coils, mag-
netic shiclds, trans-
formers

Pulsc transformers,
magnetic ampli-
fiers, coils

1-c electromngnets,

| pole tips
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state.
SATURATION CONSTANTS AND CURIE POINTS
OF FERROMAGNETIC ELEMENTS
Femest ooy @ro) 0% iy Fres
Fe 218.0 1,714 231.9 2.9 770
Co 181 1,422 192.3 L T18 1,151
Ni 54.39 4541 57.50 0.804 358
Gd 0 (3 253.8 112 L]
#o = sAlurstion magnetic moment/gram; M. = smiurstion maguetio
moment/cmi, in eqe unile. M3 = magnetic momeat per atom in Bohr
mF'rn:t:n:—-rhu institute of Physics Handbook, MeUraw-Iill Company
(1963} by permussion,
MAGNETIC PROPERTIES OF HIGH SILICON TRANSFORMER
TRANSFORMER STEELS STEEL
Ordinary Transformer Steel B H Permeability
2,000 0.50 4,000
B (Gauss) H (Oersted) Permeability = B/H 4,000 0.70 5,720
6,000 0.90 6,670
2,000 0.60 3,340 8,000 1.28 6,250
4,000 0.87 4,600 10,000 1.99 5,020
6,000 1.10 5,450 12,000 3.60 3,340
8,000 1.48 5,400 14,000 9.80 1,430
10,000 2.28 4,380 16,000 47.4 338
12.000 3.85 3,120 18,000 165 109
14,000 10.9 1,280
16,000 43.0 mn
18,000 149 121

PROPERTIES OF MAGNETIC ALLOYS (continued)

Properties of Antiferromagnetic Compounds

Compound sf:;::w h‘ K) 2( K) \P::.n f:
..................... .| Rhombohedral 25 -38.1 5.18 3.1+0.8
Tetragonal 38 50 5.15 3.0
..| Tetragonal 291 330 5.1 3.8
. .| Cubie 475
.................... Rhombohedral 307 485 3.713 3.0
...................... Hexagonal 723 550 4.92 2.7
. .| Monoclinic 189 246 1.9
CuCl32H,0........... ....| Orthorhombic 4.3 45 1.9
i P A R S Monoclinic ~70 109 2.08
L e R .....| Hexagonal 24 —-48 5.38 4.4 +0.7
Tetragonal 79-90 117 5.56 4.64
. «...| Rhombohedral 198 507 7.08 3.32
....| Rhombohedral 953 2940 6.4 5.0
.| Cubie 95
Monoclinie 2.1 {?g} 5.93
.. .| Monoelinie 1.68 1.8 5.94
...| Tetragonal 72-75 1132 sn 5
...} Rhombohedral 122 810 5.95 5.0
.+ ...| Cubie 160 982 5.82 5.0
...| Cubie ~173 361 5.687
.y Hexagonal 310-323 690 6.07 5.0
Hexagonal 50 - 68 3.32
NiF, ... «.| Tetragonal 78.5-83 115.6 3.5 2.0
NiO. .. .. .| Rhombohedral 533-850 ~2000 4.8 2.0
TiCl,. . . 100
Vi0;.. 170

1. 8y = Néel temperature, dete-mined from susceptibility maxima or from the disappesrance of mag-

netic scattering.

2. #p = a constant in_the Curie-Weiss law written in the form xa = Cu/(T 4 #p), which is valid for
" ‘antiferromagnetic material for 7' > 8y,

w

< APa)er = effective moment per atom, derived from the atomic Curie constant Cy = (P)Y(N1/3R)

and expressed in units of the Bohr magneton, up = 0.9273 X 10-% erg gauss=!,
4. P4 = magnetic moment per atom, obtained from nz=utron diffiraction measurements in the ordered
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PROPERTIES OF MAGNETIC ALLOYS (continued)

SATURATION CONSTANTS FOR MAGNETIC

135

INITIAL PERMEABILITY OF

SUBSTANCES HIGH PURITY IRON FOR
i v 5 RATURE
Field Induced Field Induced ARIOUS MPE S
Substance intensity magnetization Sub i ity gnetization :
. L. Alberts and B. J. Shepstone
(For saturation) (For saturation) o
Tempcrature *C Permeability (gauss/ocrsted)
Cobalt 9000 1300 Nickel, hard 8000 400
Iron, wrought 2000 1700 annealed 7000 515 0 920
cast 4000 1200 Vicker's steel 15000 1600 200 1040
Manganese steel 7000 200 400 1440
600 2550
700 3900
’ 770 12580
MAGNETIC MATERIALS
High-permeability Materials
Approximate percent composition Satura-
Perme- tion Hyste- Coer- Resis-
ability Maxi- MNux resis § cive t tivity
Typical heat ai mum density loss, force mi- Den-
treatment B =20 perme- B W, H, crohm  sity,
Material Form Fe Ni_Co Mo Other by 51 gausses  ability gausses ergs/cm’ oersteds cm g/cm?
Cold rolled Sheet 98.5 — _ = - 950 Anncal 180 2,000 21,000 - 1.8 10 7.88
steel
lron Sheet 99.91 — -_ - —_ 950 Anneal 200 5,000 21,500 5,000 1.0 10 7.88
Purified iron Sheet 99.95 — —_ - — 1480 H, + 5,000 180,000 21,500 300 .05 10 7.88
880
4% Silicon- Sheet o6 — = - 45§ 80O Anneal 500 7,000 19,700 3,500 3 60 7.65
iron
Grain ori-  Sheet 97 - _— = 3Si 800 Anneal 1,500 30,000 20,000 — 15 47 7.67
ented*
45 Permal- = Sheet 54.7 45 — -— I Mn 1050 Annecal 2,500 25,000 16,000 1,200 3 45 817
loy
45 Permal-  Sheet 54.7 45 —_ - .3 Mn 1200 H, An- 4000 50,000 16,000 - .07 45 8.17
loy t —_ neal
Hipernik Sheet 50 50 —_ _ —_ 1200 H; An- 4,500 70,000 16,000 220 .05 50 R.25
neal
Monimax Sheet — — - - — 1125 H; An- 2,000 35,000 15,000 — -F 80 8.27
neal
Sinimax Sheet — —-_ = = - 1125 H, An- 3,000 35,00C 11,000 — - %0 —
neal
78 Permal-  Sheet al.2 785 — — .3 Mn 1050 + 600 8,000 100,000 10,700 200 .05 16 560
loy Qf
4-79 Permal- Shect 16.7 79 — L 3 Mn 1100 + Q 20,000 100,000 8,700 200 .05 55 3.72
loy !
Mu meial Shect 18 a5 — — 2Cr,5Cu 1175 H; 20,000 100,000 6,500 — .05 62 §.58
Supermalloy Sheet 150 9 — 5 3 Mn 1300 H, + Q 100,000 800,000 8,000 002 60 8.77
Permendur Sheet 49.7 - 50 —_— JMn 800 Anncal BOO 5,000 24,500 12,000 2.0 7 8.3
2V Permen- Sheet 49 — 49 — 2V 800 Anncal 8OO 4,500 24,000 6,000 2.0 26 8.2
dur
Hiperco Sheet 64 — 34 — Cr 850 Anncal 650 10,000 24,200 — 1.0 25 8.0
2-81 Permal- Insulated 17 81 - 2 — 650 Anneal 125 130 8,000 = <1.0 10* 7.8
loy powder
Carbonyl Insulated 999 — — — — — 55 132 — — - — 1.86
iron powder
Ferroxcube Sintered MnFe,0. + ZnFe, 0. — 1,000 1,500 2,500 — 5 10* 5.0
It powder

*Properties in direction of rolling.
t Similar properties for Nicaloi, 4750 alloy, Carpenter 49, Armco 48.

+ At saturation.

€ (), quench or controlled cooling.
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PROPERTIES OF MAGNETIC ALLOYS (continued)

Permanent Magnet Alloys
Material Percent composition Heat treat- Magnet- Coercive Residual Energy Methodof Mechanical Weight
(remainder Fe) ment® (tem- - izing force induction product fabricationt propertiest Ib/in.?
perature, *C) force H, B BH_.
H.. oersteds gausses x10°*
ocrsteds
Carbon steel 1Mn,09C Q BOO 300 50 10,000 20 HR,M,P H.S ".280
Tungsten steel 5W,0.3Mn,0.7C Q 850 300 70 10,300 3L BRMIP . -HUS 292
Chromium steel 3.5Cr,0.9C,0.3 Mn" Q830 300 65 9,700 30 HR,M/P H.S .280
17% Cobalt steel 17Co0,0.75C,2.5Cr, 8 W — 1,000 150 9,500 65 HR, M,P = P —_
36% Cobalt steel 36Co,0.7C,4Cr,5W Q950 1,000 240 9,500 97 HR,M,P H.S 296
Remalloy or Comol 17 Mo, 12 Co Q 1200, B 700 1,000 250 10,500 Y.l HR, M, P H .295
Alnico | 12 Al, 20 Ni, 5 Co A 1200, B 700 2,000 440 7,200 1.4 GG H,B .249
Alnico 11 10 Al 17 Ni, 2.5Co,6Cu A 1200, B 600 2,000 550 7,200 1.6 C.G H,B 256
Alnico 11 (sintered) 10 Al, 17 Ni, 2.5 Co, 6 Cu A 1300 2,000 520 6,900 1.4 Sn, G H .249
Alnico 1V 12 Al, 28 Ni, 5 Co Q 1200, B 650 3,000 700 5,500 i.3 Sn,C,.G H .253
Alnico V 8 Al, 14 Ni, 24 Co, 3 Cu AF 1300, B 600 2,000 550 12,500 4.5 .G H.B .264
Alnico VI 8 Al, 15 Ni, 24 Co, 3 Cu, - 3,000 750 10,000 3.5 C.G H,B .268
1Ti
Alnico XI1 6 Al 18i, 35Co,8Ti —_— 3,000 950 5,800 1.5 C.G H, B .26
Vicalloy 1 52Co, 10V B 600 1,000 300 8,800 1.0 C.CR.M.PD 295
Vicalloy 11 (wire) 52Co, 14V CW+ B 600 2,000 510 10,000 - %) C.CR.M.PD 292
Cunife (wire) 60 Cu, 20 Ni CW + B 600 2,400 550 5,400 L5 C,CR_MPDM An
Cunico 50 Cu, 21} Ni, 29 Co — 3,200 660 3,400 30% E,CR.M,P DM 300
Vectolite 30 Fe,0;, 44 Fe,0,, 26 C,0, — 3,000 1,000 1,600 .60 8n, G w 113
Silmanal B6.8 Ag, 8.8 Mn, 4.4 Al -— 20,000  6,000* 550 075 CLCR,M.P D,M 325
Platinum-cobalt 77 Pt, 23 Co Q 1200, B 650 15,000 3,600 5,900 6.5 C,CR.M D —
Hyflux Fine powder — 2,000 3% 6,600 97 — — 176
*  Value given is intrinsic H,.
*  Q—Quenched in oil or water, A=—Air cooled. B—Baked. F—Cooled in magnetic field. CW—Cold worked.
t HR—Hotrolled or forged. CR—Cold rolled or drawn. M—Machined. G—Must be ground, P—Punched. C—Cast, Sn—Sintered.
b

H—Hard. B—Brittle. S—Strong. D—Ductile. M—Malleable, W—Weak.

ELECTRON WORK FUNCTIONS OF THE ELEMENTS
Compiled by Herbert B. Michaelson, 1977

The measured values cited for polycrystalline and single-crystal specimens are selected as being the best available data a1 this
time. The selection is based on (1) The validity of the expetimental technique (e.g., vacuzof 10 * or 10 "' * Tarr. clean sutiuces,
and identification of crystal-face distiibution and other surface conditions), and (2) Best agreement with preferred values and
theotetical values of the true work funclion (given variously by Fomenke,' Rividre,! Trasatti,’ snd Lang 3nd Kohn*)
Experimental data that arc not well substantiated according (o these criteria are Yisted in itelics. Crystallographic directions for
single-crystal data are indicated by parentheses.

Abbreviations apply te the experimental method: T, thermionic; P, photoelectrie: CPD, contact patential dil ferenve. 1] ficld
emission. Important distinctivns among such measurements are discussed in the Riaere” paper, pp. 180 1o 198

Experimental value,  Experimental Experimental walue.  Experimental

Element o (eV) method Ref. Element o (V) method Ref.
Ag N2 P 5 4 8la(llD) P 22
4.64 (1000 P 5 4.70a » 23

45201100 4 5 4628 P n

ST P 6 4.68y P, 13

Al 428 ™ 7 Ga 42 Cri 4
4.41 (100 P 8 Ge 5.0 CPO 2

4.06(110) .P s 4500111 3 26

4240001 P ] Gd 2.1 P 1

As 1% r 9 Hr 39 " 1
Au £ P 10 Hg 4.49 ¢ b
547(100) P 1 In 412 P 24

£330 (] Ir ST 1 29

$31an 11 5.42¢1100 | an

H o AF 12 S.76¢11 I 30
Ha A % 13 5.67 (1601 g i
Be 498 P 14 5.000210 ! L]
5 3 P 15 K 2.30 r ¥
¢ 50 o 16 o T 2 10
e 187 P 17 Li 2y i £
cd 422 CPD 18 by 24 i 3
e 9 P 10 Me 400 g L
€ 50 P in Mn 4.1 P 10
Cr £ P 10 Mo 4.6 P 10
s 114 p 19 4530100 P 6
Cu 148 P 0 4.95(110) P 6
4.59 (100 P 20 4.55(11n P ¥

1481110) P 20 4.36(112) r Y

194 (111 P 20 4.50(114) p 3

ERSPTEB 13 20 4551330 r ‘h

bu 2 ¢ 10 s 4% ¢ 37
Fe is N 0 Nb 43 P 1
&1 T v 21 4.02(001) 7 i

4.87¢110) 1 R
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