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ABSTRACT 

This is the first report covering the magnetic characteristics 
of "non-magnetic" metallic materials. The report c ontains 
data on a wide variety of materials such a brasses, bronz s, 
copper-nickel alloys, nickel base alloys, wrought and cast 
austenitic stainles stee l , austenitic stainle s s steel weld 
metals, and austenitic manganese tcels . Tabulation in­
clude chemical composition, mechanical properties, normal 
permeability, coercive force and resistivity data for the 
materials tested . The permeability and coerdve force 
measurements were performed in strong magnetic field 
( 100-Z00 oersteds). The effec-t of composition and cold defor­
mation on the magnetic prope1·ties of the various materials is 
discus ed and considerable attention is focused on the austen­
itic stainless steels. In addition to general conclusions, the 
report contains generalizations as to the expected magnetic 
behavior of the various types of materials . 
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INTRODUCTION 

1. The Bureau of Ships require~ "non-magnetic" mechanical equipment 
for use in certain shipboard pplications. Although many metallic ma­
terials appear to be non-magnetic in the sense that they are not readily 
attracted by a magnet, many exhibit magnetic properties of sufficient 
magnitude to ex'.:lude their use in the intended applications. With this 
in mind, the Bureau authorized the Station in reference (a) to determine 
the magnetic characteristics of non-magnetic ferrous and non-ferrous 
materials considered for use in the construction of uch equipment. The 
Bureau, at the same time, made arrangements for the Station to borrow 
the Fahy Low-mu permeameter from the U.S. Naval Metals Laboratory, 
Munhall, Pennsylvania. This instrument is ordinarily used by them to 
determine the magnetic permeability of materials for submarine periscope 
tubes. 

Z. As soon as the instrument was received, permeability and coercive 
force measurements were begun on a selected li t of materials. In the 
meantime a test agenda for the investigation was p!'epared and forwarded 
to the Bureau as reference (b). The agenda proposed that the Station 
measure both the normal permeability of the materials in a magnetic field 
of ZOO oersteds, and the coercive force after being subjected to an identical 
field . This field strength is similar to that u ed in determining the 
permeability of periscope tube materials. 

3. At the time the agenda was submitted uncertainties exi ted as to the 
magnetic fiel strengths to be used in the test . Station personnel sug­
gested that a me ting of all interested parties be call '.!d to clarify this 
situation . As a result of this meeting, BuOrd requested that measure­
ments be mad in a field comparable to the earth' magnetic field, i.e., 
approximately 0. 5 oersted . Arrangement were th.en made. to perform 
the weak field determination at the U.S . Naval Ordnance Laboratory, 
as facilities for making these measurements are not available at the 
Station. In this arrangement the Station is required to furnish the test 
materials and to report the results of magnetic tests along with other 
mechanical and physical p,:opc:rtie to the Bureau. This set-up is now 
in effect . 

4 . In the meantime, considerable te ting in the region of 100 to ZOO 
oersteds ha and is b~ing acco.mplished at the Station because it is be­
lieved that such information will be of consi :_ rable value in screening, 
selecting, and understanding the materials . It i the purpose of this 
report to pre s ent the data obtained at the Station up to the present time. 

l 
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5. Before proceeding with the detailed report of the equipment and data, 
the magnetic properties determined herein will be briefly discussed. 
Terms related to maanetic testing are precisely defined in reference (c), 
and no attempt will be made to restate these terms. Instead, an effort 
will be made to explain them in the simple t possible manner . 

6. Metallic materials can be devided into three classes insofar as their 
magnetic propertie s are concerned. These are (1) ferromagnetic, 
(Z) paramagnetic, and {3) diamaanetic . The d ifferences in the classes 
lies in their behavior in a magnetic field. Elongated samples of a ferro­
magnetic material assume a position parallel to the magnetic field and 
become strongly magnetized. On the other hand materials of clasaes (Z) 
and (3) become weakly magn~tized and assume positions either parallel 
to the field (paramagnetic) or perpendicular to the field {diamagnetic); in 
the latter case a non-uniform field is a necessary condition. 1n the la t 
two classes of materials, the effects are relatively feeble and for all 
prPctical purposes the paramagnetic and diamagnetic substances are 
called non-magnetic. 

7 . Magnetic permeability may be defined in a general way as the ability 
of a material to be magneti?.ed. In more scientific terms the normal 
permeability, µ, is defined as the ratio of normal induction to the mag­
netic force. The magnetizing force is designated by the symbol H; the 
unit is the oersted. Normal induction is designated by the symbol B; the 
unit is the gau s. Ordinarily, the permeability of a substa,nce is express­
ed in t ms relative to air or vacuum; air being artibrarily given a 
normal permeability of 1. 000. Both ferromagnetic and paramagnetic 
sub tances have permeabilities greater than 1, whereas diamagnetic 
substances ~1ave permeabilities less than 1 . Furthermore the perme­
ability ~ constant in all field intensitie for tru y paramagnetic and 
diamagnetic materials whereas the permeabilities of ferromagnetic 
substance vary . 

8. Uthe normal induction in a feebly magnetic material were determined 
directly, as a step in the determination of the permeability of such a 
material, th ... nsitivity of such a measurement would be too low to be 
practicable . As mentioned previously, permeability is equal to B/H. 
B i made ap of two factors : the magnetizing force acting, H, and the 
intrin r, ic indu tion designated as B1. In low permeability te ting, H is 

ordinarily a large quantity, while Bi, is quite small. For the sake of 
both precision and accuracy, the desirable procedure becomes the 
measurement of H and Bi separately. Then the sought for normal 
permeability · s determined by the relations : 

2 
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Normal permeability (µ) = B = H+Bi = 
H H 

1 + Bi 
H 

The ratio Bi to H is called the intrinsic permeability and reflects the 

permeability of the material in excess of that in air. 

9. Magnetization is an irreversible process. When the magnetizing 
field is reduced from an initial high value, the induction in the material 
does not decrease along the same curve as it did when it was first mag­
netized. When the magnetization is reduced to zero, a certain residual 
induction, called remanence, remains. This residual induction can be 
removed by applying a small field in the opposite direction. This value 
of the field required to red, ce the normal induction, B, to zero is called 
the coercive force and is denoted by He. 

DESCRIPTION OF MATERIALS 

10 . Both ferrous and non-ferrous metals, constituting a wide variety 
of constructional alloys, have been tested. No attempt will be made to 
describe the materials here. Instead each class will be described and 
discusaed along with tht~ results of tests. 

METHOD OF TEST 

1 l. The Fahy Low-mu permeameter is one of several standard instru­
ments used to measure the permeability of feebly magnetic m~terials. 
Detailed descriptions of the apparatus ar,: available in the literature and 
a schematic wiring diagram and test procedure are given in reference 
(d). Briefly. the apparatus .at the Station consists of ( l) a control box 
containing variable re istances, an ammeter, a reversing switch, and a 
calibrated inductance; (Z) a solenoid fer producing a relatively uniform 
magnetic field; (3) a specimen holder which fits inside the s Jenoid and 
contains two coils, one (coil H) having a plastic core and the other 
(c il B) surrounding the specimen, and (4) a ballistic ga vanometer. 
Prior to inserting the pecimen, the galvanometer is calibrated with the 
known inductance and coils B and H are balanced so that when the field 
in the olenoid i rever ed, the differential EMF between coils B and H 
i zero. The specimen is inserted in the holder, demagnetized, and then 
cyclically magnetized. The magnetizing force, H, is measured by 
reversing the field of the solenoid and notin, the galvanometer deflection 
cau ed by the EMF produced in coil H by ind\lction. The intrinsic in­
duction, Bi. ia then measured by noting the galvanometer deflection 
caused by the differential EMF produced between coils B and H as a 

3 
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result of the specimen. The intrinsic permeability and the norrr,al 
permeability are calculated from the relationship shown previously. 

12 . Th c ercive force, He, is determined as above except that the 
magneti~ing force, H, is reversed only slightly, and by varying amounts . 
The normal induction, B, is calculated for each reversal and is plotted 
against the field trength . This procedure constitutes the development 
of a portion of the hysterisis loop near th B and H axes. From the plot, 
the reversed magnetizing force to reduce the remanence to zero is 
obtained . This is the coe r ·ve force, He . 

13. During the testing of s pecimens, Bureau of Standards permeability 
samples are frequently run to che ck the apparatus . These standards are 
usually checked within ! ZO/o . Although no attempts have been made to 
develop t~e procedure to insure high a ccuracy and precision, it is believed 
that the normal permeability results presented herein are accurate within 
t 3,.. 
14 . It is difficult to appraise the accurac y of the coercive force measure­
ments since no standards are available . However, indications are that 
the values shown are within ~ 1 oersted . 

RESULTS OF TESTS ON NON-FERROUS MATERIALS 

Brasses and Bronzes 

15. The brasses and bronzes tested thus far are tabulated in Table I. 
For convenience, the appropriate specifications, chemical composition, 
mechanical properties , hardness, and resistivity have been listed in 
addition to the normal permeability and coercive force . The data defi­
nitely indicate that the only e lement which affects the permeability and 
coercive force of these alloys i s iron . In every instance where the per­
centage of iron is low-the normal permeability and coercive force is 
1. 00 and 0, respectively . Of even greater importance, howev r, is the 
fact that ~ of the alloys testedexceeded a norm!.l permeability of r:-:io . 

16 . The effect of i ron on the alloys is shown in Plate I. There appears 
to be no definite relationship between the iron content and the permeability 
principally because permeabili ty in these alloys is structure sen itive, 
i. e., it varies with cas d ng conditions, heat treatment, rate of solidi­
fication, amount of hot work, etc. There is no evidence that the condition 
in which the material!I are furnished, this is, cast or wrought has any 
direct bearing on the trend of the permeability . 

I 7. Non e of the alloys showed a decided change in permeability between. 
100 and ZOO H . This i an indication that the permeability of the individual 
alloys are relatively cons t a nt and that they behave like paramaanetic 
materials . 

4 
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18. In the "Remarks" column of Table !, magnetic test results are given 
for several static torsion specimens. These specimens were twisted in 
a static torsion machine until broken and the magnetic characteristics 
then measured. The magnetic properties of none of th materials tested 
in this manner wer affected by cold work. 

19. The coercive force of some of the aluminum bronzes was found to be 
Z oersteds. However, this is after the material has been subject~d to a 
si.ronger field than may ever be encountered in service. li coercive forces 
of this magnitude are considered to be an important factor, then the use of 
these bronzes must be carefully considered. 

Cupro-Nickel Alloys 

Z0. The magnetic characteristics of the cupro-nickel alloys tested are 
shown in Tables II and III. In Table II only the 80:Z0 Cu-Ni+ Fe alloy 
showed a permeability substantially greater than 1. This particula:- alloy 
behaved ferromagnetically as indicated by the changes in permeability with 
field strength. !t is to be noted that all of the alloys had low permeability 
and coercive force in the annealed condition. 

Zl. Table Ill presents the magnetic properties of a group of 90:10 Cu-Ni 
specimens prepared for sea water corrosion tests. Seven heats of alloys 
containing various amounts of iron have been subjected to three different 
heat treatments . Heat Treatment "A", an annealing treatme:nt, showed 
no changes in permeability or coercive force with varying iron contents. 
Heat Treatment "B", design.ed to produce a fairly complete precipitation 
of the iron content, show1:, inc eases in permeability above . 70o/o Fe but in 
no case does it exceed the maximum .,.cceptable permeability of Z. The 
coercive force in this eries increases rapidly above . 95o/o Fe. Heat 
Treatment "C", designed to develop substantially maximum precipitation 
hardness in quenched material, shows increases in pe meability above 
. 50~ Fe and xceeds 2 at approximately 1. 5o/o Fe. The coercive force of 
this serie remains rather low throughout the entire range of iron contents. 
As in the case of brasses and bronzes, we find that in the absence of iron 
the permeability of the 90To cupro-nicW alloy is u~attected by treaimmt. 
Furthermore, it is apparent from Table II and Ill that the iron content does 
not affect the permeability 2.!aiiii'ealed cupro--:nf ckelalloy°!. --

Miscellaneous Copper Ba e Alloys --
22. The magnetic characteristi s of mi cellaneous copper base alloys are 
hown in Table IV . All of th "!S e alloys had a permeability of 1. 00 except 

the cast CuSi alloy which contains iron. 

5 
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TABLE I 

OPERTIES OF BRASSES AND BRONZES 
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TABLE II 

PROPERTIES OF COPPER-NICKEL ALLOYS 

pee - Condl1Jo11 Chemical Compo1i1Jo11 In f. 
Type o r Name fle a OD and Sourc e Lab 

Treatment Cu NI f"e Zn Sn Mn 51 

70 , J0 Cu-N1 - W rou1hl - Annu led !NCO !NCO 70 . l7 2.9 50 006 < .01 < , 01 . OS 

70 JO Cu 0 N1 - Abovt: - Co1d Red . 2.0" !NCO !NCO 70 . l7 2.9 . 50 , 006 ... 01 < 01 . OS 

70 30 Cu - Ni • Fe N.D 46C6b W rouaht - Alllln led IEt:S 68 09 )0 . 86 . )l < 0l <, 01 • 74 

70 JO Cu- N1+Fe N.D . 46C6b W rou11hl-Annu led lNCO !NCO 69 . SS 2.9 . SI . so < 01 <, 0l ]7 

70 30 Cu - Nl+Fe - Abovt: - Cold Red , 2.0" !NCO 69 . SS 2.9 . SI . so <. 01 <. 01 • )7 

70 :30 Cu - Ni • F e - W rou1ht - An nealed CNCO IJNCO 67 . 5) )0 . 49 91 <, 01 < 0 1 I.II 

70 JO Cu - NltFe - Abon - Cold Red . Z0" !N CO 67 , 5) )0 49 . 91 <, 01 <. 0 1 I. II 
San -

80 Z0 Cu-Nl+F• - Cent Caal du1ky E£S 77 . 8 zo I . 8Z 01 01 . 89 . •a 
Cent Ca st :san-

80 Z0 Cu- Nit Fe - Anneal e d at EES duaky ££S 77 8 zo I . 82. . 01 , 0 1 89 ·' Wrou1hl 
55 •S Cu - N1 • Fe - Hot Rolled IEES SJ . 77 44 68 5Z None None I 14 

Norma l Coercive Re 111 t,v1ty 
Mechanica l Prope • t lea Hard Permubilhy · IA orce: - ln M1crohm 

TS in y E lo n11 R. A n~•• 100 zoo He 1n - C e nt . 
Type or Name PSI , Z,.Set " Z" " BHN oer1ted1 oeratcda oe rated• (I) R1:mark1 

70 JO Cu- N, 11 S 1 , 00 1.00 0 )6 6 (A) 

70 JO Cu - N1 1.00 I 00 0 36 . 6 ( A) 

70 JO Cu- N1+Fe I 00 I 00 0 }6 6 (A) 

70 30 Cu - Nit F'e 133 1.00 1.00 0 36 6 (A) 

70 JO Cu - Nl • Fe I 00 I 00 0 16 6 (A) 

70 30 Cu - N1+.l"e 12.2 I 00 I 00 0 36 6 (A) 

70 30 Cu - Nit Fe I 00 I 00 0 36 . 6 (A) 

80 2.0 Cu - N, • f',e 7•, soo 56,700 II 19 166 I so< I 1, z9{l) 0 
Broken 

lli 5 (A) Stati c Toruon - µ , 1 

80 Z0 Cu - N1 • Fe I 00 1. 00 0 26 5 (A) 

55 45 Cu - N1+Fc 71,500 10 , 000< 21 47 S 78 S 1.00 1.01 0 49 (A) 

OT S (I) A ll re11 t1v1t1· data bau,d on ,nfo rmallon obta t nc d from the il leratur . (A) Indicate • a ccu rate data , 
(Z) Proof tru1 
()) Adti1tiona l Pumu bil1 ty Data 

Bu td ES 
µ 2.SH I 3 

S0H 7Z 
7SH 60 

I00H I. 0 I. 4 

Pb C 

00) . 02. 

. 00) . 02. 

<. 01 

• 00) . 01 

003 01 

. 005 .oz 

oos oz 

Z3@Z00H 
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Heat 

No . 

6758 

6759 

6760 

6761 

6762 

6763 

6764 

E . E . S. REPORT 4E(l)66904, 4P(l)66918 

TABLE III 

MAGNETIC PROPERTIES OF 
90 : 10 COPPER-NICKEL ALLOYS CONTAINING IRON 

Samples Furnished by Americ an Brass Company 

Cb.em c a l Compo• ition 
IHe t Treabnent "A" (l) Heat Treatment " B"(Z) Heat Treatment " C " ( 3) 

" 
µ " He µ µ He µ µ He 

Cu Ni Fe Mn 
100 ti ZOO h 100 H ZOO H 100 H ZOO H 

89 . 67 9. 98 . 0 1 ' 32 1. 00 1.00 0 I. 00 1. 00 0 1.00 1. 00 0 

89 . 20 9 . 99 . 48 . 32 1.00 1.00 0 1.00 1. 00 0 1.00 1.00 0 

89 . 00 9 . 95 . 71 . 32 1.00 1. 00 0 1.00 I. 00 0 I. 18 l. 18 0 

88 . 75 9 . 97 . 95 . 32 1.00 1.00 0 1.04 1. 0 4 1 l. 14 1. 14 0 

8 . '48 10 . 00 l. 19 . 32 1. 00 1.00 0 l. z l. 27 .. 1. 55 1. 55 1 

8 . 18 10 . 05 1. 44 . 32 1. 00 1. 00 0 l. 23 1. ZS 8 1. 82 1. 83 2 

87 . 56 10 . 14 l. 96 . 33 l. 00 1.00 0 1. 34 1. 44 lZ 2 . 39 2 . '40 

NOTES : ( 1) Heat Treatment " A" - Annealed 1 hour@ 00°C and quenched . 
(2) Heat Treatment " B " - Ro lle 6 Ba.S Noa. Hard . Then annea led 1 hour 900°C and 

quenched plus 8 hour 65 o0 c air cooled . 
(3) Heat Treatment "C " - Huts 6758 to 6761 incl. - Annealed 1 hour 900°C and quenched 

plua Z houu t 5S0°C . 
Huh 6762 to 6764 incl. - Annea led 1 hour @900°C Hd quen hed 
plua 2 hour O 600°C. 

8 
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TABLE IV 

P ROPERTIES OF MISCELLANEOUS COPPER-BA E ALLOYS 

Cond1t1on Chemica l Compo•1l on in ,. 
Type or ame Spe ct.l1ca llon nd ource L b 

Tre tment Cu Zn n e 

£ lrude d AMP CO 
oln ench Meta l 

Cu-Be -Co Alloy AMP CO91-2.0 and A11e d lnc AMP CO 96 68 . 0 2. 
Ce nt. Cut AM P I...U 

AMPCO Soln en ch eta I 
Cu- Be -Co Alloy 95N-20 and Aae d lnc AM PCO 98 . 84 02. 

Extruded AM PI...U 
AM PCO Soln ~n h Meta l 

Cu-Be -Cc, Alloy 9SN- l0 and A11e d lnc . AM PCO 97 66 . OS 
Extruded AMP1...u 
oln en h Meta l 

Cu-CR Alloy AMPCO97-2.0 and Aae d 1.nc AM PCO 99 26 None 0 4 
£ lruded AM PCO 

N.D.46CI0(l T) Soln. en h Meta l 
Cu-Be Alloy (AM PCO83 - 2.0) a nd Aged lnc . AM PCO 97 . 74 . 0) 

ISandCa 1t AM P1...u 
Soln en h Meta l 

Cu - Be Alloy AM PCO86 -20 and A11ed ln c AM PCO 9b . 12. .oz 

Cu-SI A lloy N D.46B28a Cut NRL £ES 90 . 9 ) , 0 I. 0 l.lS 
8 r ld1e • 

Cu-S1 Al loy Wrou hl port 
"Duron &e " Hard Drawn Bra11 £ ES 97 l. I. 96 None . 01 

rou ht Am 
Cu-Si- Mn A lloy Ha rd Dra wn Bra•• £ ES 96 . l.S • 17 

Normal Mecha nica l Properbu 
Perm u blllty . ,, 

Type or Nama 
T. v.s Ion . R, A. Ha rd 100 zoo 
In pai ( . 5 el) 'II, ln2 " ,. 

ne11 oer1ted1 oe rateda 

l.44 
Cu- Be -Co A llo y 99,000 72,000 10.0 12. . 0 BHN I. 00 

ZZI 
Cu - Be -Co A lloy 90 , 000 6S,000 8 . 0 8 , 0 BHN I. 00 

21.8 
Cu- Be -Co Alloy 110,000 7S,0OO 15 . 0 l.4 . 0 BHN I. 00 - 10 
Cu-CR A lloy 78,000 55,000 IS . 0 15 . 0 Jl8 1.00 

l2I 
Cu - Be Alloy 176,000 Ill , 000 8 ,0 17. 6 BH N 1.00 

lH 

Cu• B• Alloy 160 , 000 100,000 z. s l. . s BHN 1. 00 

Cu-SI Alloy 49 , 600 9 ) I. 10 
Cu-SI Alloy 

45, 600(2) 11 Duronac 11 111 , JOO 12 . 4 57 . 9 1.00 

Cu-Sl• Mn Alloy L OO 

NOTES : (I) All rulltlvi ty data baaed o• . Dlorma tio• obta laed from U.c 1 lcratura . 
(A) h1dlc ata I a ccu rate data . 

(8 ) I.ad c atca latcrpolat&d data of ood a ccu rac , aAd 

(C) lnd c at&• aterpo lated data of reuouble a ccu racy, 

(2) Prool 1t rc 11 . 

1.00 

1.00 

1.00 

1.00 

1.00 

I. 00 

I. 10 

1. 00 

1.00 

N Mn I Be Other 

Co 
. 0 4 44 2. 81 

Co 
. H . OS 2.3 . 43 

Co 
6} 01 Ol . 2.1 I. 4 1 

CR 
. 02. . t. l 

Co 
. 02 . 01 06 I. 87 . 29 

I. 17 2. . 6S 

. S6 3.2 

None Non, . 8 3 

. 95 IZ -n 

Coerclv llea i•Uvity 
Force - in 

He Mic rollm • 
cent. 

ocr• tada (1) 

0 8 (Cl 

0 6 (C) 

0 6 (Cl 

0 4 ( 8 ) 

0 6 . 1 • 9 , I (Al 

0 6 , 1 •9 , I (A) 

0 14 (C) 

0 6 (Cl 

0 6 (C) 
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Type 
or Specific tion 

Name 

Monel N .D .46M7 gClb 

" K" Monel N . D . 46N5 

" K" Monet( 2 N D . 46N5 

" K" Monel( 2) N . D . 46N5 

" K" Monel (Z) N . D . 46N5 

" K" Monel(Z) ND 4 NS 

" K" Monel(Z) N . D . 46N5 

" K" Monel(Z) N D . 46N5 

" 5" Monel N D .46N7CIA 

" 5 " Mone I N D 46N7Cl8 

lnconf'I() 

In onel ( ) 

lncont'I ( ) 

lnconel ( ) 

lnc onel ()) 

M odifi d 
ln cont'I 

OTE 

lll!nt· . - . 

TABLE V 

PROPERTIES OF NICKEL 

Chemi c 
Condition 

nd 
Treatm nt Sour e Lab 1 Cu I' A l 

Hot Rolled !NCO EES Bal 29 . 54 2 . 13 
N . Y. 

Sh Ct : ~ V I 
Aae Hardened Shpyd EES 63 79 29 63 l 04 89 
Ann led 
Q.iench ed 66 . 29 . 9 2 75 
Ann l d 
A l!:t' Hardt'nrd 66 29 f) 2 75 

ColdDr a wnZ0o/, 66 29 9 2. 75 
Cold Dr n zor. 
ARt' Hardened 66 :9 0 2 75 

Cold Drawn 50'7, 66 29 q 2 7 "> 
Cold Dr n 501, 
A11:e Ho rdt>ned 66 29 q 2 75 

Norlolk 
I 

As Cast Shpyd EES 66 . I 28 J 0 I . 49 
C t 
Ag t' Hardened I EES 66 19 28 . 49 . 25 

An nt' It' d 77 0 2 7 0 

Cold Dr wn 20'7, 77 . 0 .2 7 . 0 

Cold Drawn 501, 77 . 0 . 2 7 0 
ColdDr wn50f, 
Stre ss Eq ualized 77 . 0 . 2 7 . 0 
Cold Ora n 50f, 
C rb1d Pr lip . 77 . 0 . 2 7 , 0 
Hot Roll d 
Annealt'd !NCO INCO 76 0) 16 0 I. )0 

don 1niormal1on obt 1n d from th lit ratur l." 
e dat 

COT hn1 I Bull 1n T-9 datt'd D 4 . 
hn1 al Bull Lin T-7 dat.-d r . 1950 

I Compo ition in o/e 

Mn I C C 

I 44 . 02 . 18 

56 . n . 26 

75 . 50 15 

75 50 . 15 

75 50 . 15 

75 50 15 

7 5 50 15 

7 5 . 50 . 15 

62 3 65 

85 4 01 05 

25 . 25 . 08 15 

. 25 . 25 . 08 I S 

. 25 . 25 . 08 I 5 

. 25 . 25 . 08 I 5 

. 25 . 25 08 IS 

19 2 03 13 



-
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ABL E V 

' NICKEL-BASE ALLOYS 

1 po i tion in o/o M ch l Pr ope rtle Norm l Co~rcive R iati VI ty 
nl 

rme - Force in 
Pr oof bilitv- u He 1n Mic r..,hm 

I C Cr Co T1 T . lr Elong R . A Hard 100 200 oer teda C M . 
in psi psi 1, -2 '' 1· ness H H (1) 

. 02 . 18 89 , 800 55, 3oo<4l 36 5 69 5 >3 >J N . D . 48 . 2 (A) 

. 23 26 162 , 800 121,000 21. 5 39 . 4 l. 01 l. 01 0 58 . J (A) 

. 50 15 92,500 • 1. 00 58 . 3 (A) 

50 . 15 151,000 1.00 58 . 3 (A) 

50 . 15 137 ,000 1.00 58 . 3 (A) 

50 15 186 ,500 l 00 58 . 3 (A) 

50 15 151,250 1.00 58 . 3 (A) 

. so . 15 198,000 1.00 58 . 3 (A) 

31 
3 65 136 ,500 102 , 200 9 . 7 15 . 3 BHN l. 01 1.01 0 63 . 3 (A) ·-33 
4 01 05 R 1.01 1.01 0 63 . 3 (A) 

25 . 08 15 . 0 1.001 98 ,000 1.01 9b . 1 (A) 

. 25 . 08 15 . 0 .007 129,000 l. 01 98 . l (A) 

. 25 . 08 15 . 0 .007 150,500 1 . 01 98 . l (A) 

. 25 . 08 15 . 0 .007 l !1 4 , 000 l. 01 98 . l (A) 

. 25 . 08 15 . 0 D07 100 , 000 1.01 98 . l(A) 

42 03 13 . 05 . 33 . iO 106 , 400 45, 6od. 5) ~ 2. 0 64 0 l.00 1.00 0 98 . l (A) 

10 
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Nick 1 B Alloy 

2 3. Prope rti of nickel ba lloy r t bulat d in Table V . A s not d 
in th Tabl , co nsid rab l data ha b n o bta i n d fr om the publi hed 
lit r tur . It i well known that mon 1 i attrac t d by a magnet and a 
such h hi h p rm abili t y. It i o f in t r t to note that modifi d 
mon 1 cont ming 1 minum o r ilicon, nd in on 1 ha ing approximately 
7o/o F , hav low p r m bilit i 

RESU L TS OF TEST ON FERROUS MATERIALS 

24. The m t llur g y of th a u t nitic tainl s st el is a compl x 
ub jec t whi h i cov r d in r t d tail in th lit ratµr Con qu ntly 

only thos fa c t s having a dir t b ring o n th prop rtic of 
the se teel s will b point d o th r . on ider two of th 

truc tural phas lik ly to b n a unt r d i n au s t nitic tainl ss t el 
The on phas , au t nit , is a olid solution of iron a nd o th r alloying 
element . Thi ph s i c harac t riz d by a fa c -c nter d cubic c ry ta l 
structur whic h i non - m gn ti c and thu has a no rma l p rm ability of 
1 . 00 . The oth r pha e, fe rrit , i al o solid elution of iron and oth r 
alloying elem nts, but unlik aus t nit it ha s a body-c ntered cubic 
cry tal tru tur and i s trongly f rro mag n ti c. In ordinary plain carbon 

t 1 the m g n t ic on titu nt, f rr i t , is stabl at room temperatur 
and the non - m gn ti con t i tu nt, au t nit , i tabl at high temperature 
In the c e f u t ni tic ta inl t 1 , ufficient mounts of alloying 
el m nt have been added to cause the austenite to be "meta-stable" at 
room temperature . Thi i a stat of pseudo - equilibrium in which the 
au• tenite appears s a stable pha e but has a tendency to transform into 
magneti ferrite . (The term ferrite is used he re for simplicity. Actually 
this tran formation i probab ly to a p s eudo-martensite . ) 

25. Wbeth r the Uoy i entirely au teni tic and whether the tendency to 
tran form i tro ng or weak i greatly influenced by the chemical 
compo ition of the alloy . Some o f the alloying elements tend to promote 
the formatior of austenite while others tend to promote the formation of 
ferrite . The aLmount of ea c h element present in the composition, there ­
fore, determines the ultimate structure and magnetic properties of the 
alloys . Among the austenit promoters are carbon, nickel, manganese, 
and nitrog n ; while fer r ite forme:-s are chromium, silicon, mo~ybdenum, 
and columbium. The e · lays do not all behave with the same pot cy, 
however, o that a c'ha.nge ~none may be far more effective than another. 
The relative effe ct of these lloy will be referred to later in the report. 

11 
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26 . The application of cold p lastic deform tion promotes the transfor ­
mation from austenite to ferrite . The more uri table the austenite , the 
greater the susceptibility of the alloy to cold work . Since the stability 
of the aus tenite is directly related to compo J ition, sus eptibility to cold 
work also becomes a function of composition. The effect of thi phenome ­
non on some of these alloys will be dealt with later . 

27 . In developing an in ·pection test for determining the normal perme­
ability of austenitic sta nless steel periscope tubes, it wa found that 
maximum permeability of these steels o c cur• in the reginn of 100 to 300 
oersteds . l! is expected therefore, that the weak field tests being con ­
ducted at room temperature by NOL will give somewhat lower perme ­
abilities than reported herein for the ame steels . 

Austenitic Stainless Steels - Cast 

28 . Reference (e) is an excellent paper on the magnetic properties of 
cast stainless steels and only a brief summary will be p r esented herein . 
It was mentioned previously that all alloying elements do not behave with 
the same potency in determining the stability of the austenite . For ex­
ample , in the normal ranges of cast and wrought stainless alloys, the 
effect of each element on the micro s tructure can be translated into 
chromium or nickel equivalent» in accordance with the following 
equations : 

Chromium equivalent = Cr._. + Z. 5Si._. + 1. 8Mo._. + ZCb._. 

Nickel equivalent = Ni._. + 0 . 5Mn._. + 30 . oc--. 

29 . Each element is weighted with a factor which indicates its potency 
as a ferrite or an austenite former . As can be seen from the equations, 
carbon is 30 times more potent than nicke l in forming austenite and 
molybdenum is 1. 8 times more potent than chromium in forming ferrite. 

30 . Plate 2 is a portion of the tentative constitution diagram taken from 
reference (e) . This provides a means of determining, through the use of 
equivalent values, the approximate amount of ferrite that may be expected 
in an alloy . 

31. The re sults of magnetic measurements made on cast austenitic steels 
are tabulated in Table VI. Some of the data are plotted on Plate 2 in order 
to show where th ri ae steels lie on the tentative constitution diagram. It 
s hould be noted that cast Type 316 steels are prone to have percentages of 
ferrite in excess of 20~ and permeabilities in excess of Z. 

12 



TABLE VI 

PROPERTIES OF CAST AUSTENl1 

Condition 
Type or Name Sp, ah at, on and Soun.- Lab 

Trr lmrnl 
C 

MI L-S-867(Sh1p ) Ca t t L b no n 
Cut-Type 304 Clasa I N 'i O"F -W Q St t> t l F dy L.-banon . 06 

II II " II II . 07 
II II 

II II II 06 
ti II ti ti " . 07 

MIL-S-867(Ship ) Cast+ 
Cut-Type 347 Cius II 20S0°F-A Q . II ti . 08 

" ti ti " ti . 06 I 

" 
" ti II " " . 08 

" II " " II . 06 
MI L-S-867(Sh,p ,) Ca t + 

C ut-Type 316 Clau Ill 2050°F - W. Q " " . 07 
" " " ti " . 07 
" " " " " 06 .. ti ti II " . 06 

MIL-S-867(Sh,p ) Ca t P,pr 
Cut 18-l • Cb Cius I (4 ) Stabi lir.td Cranf' Co EES . 06 

M ac h Steel 
Cut-25-20 As.Cas• CaatinasCo . Ma c h . 08 

uudalt St Lan St . Lint tota l 
Ni-Ru ist As-Rec'd Fdy.Mac h . Fdy• Ma ch. 2. 91 

Abovr-annf'aled 

" ~ 1150°F-1 hr " II Z. . 98 
A1-Re ' d anneal-

II ed@ l700°F 1 hr " II 2 . 98 
A -Ro! 'd Cold ,, 
Red . 1n Ten .-6~ II ti 2 . 98 

19-9 Ti 
Weld Mel.a l All Weld 0 . K. Ml11 .Co . 
19-9 Cb All Weld-Lon11 . 
Weld Metal Stabilized M. W. Kdloa1 ££S . 06 
19-9 Cb Tran . We ld from 
Weld Metal pipe . Stabillud ti II . 09 
Z~-zg All Weld- Lon 
Weld Meta l Stab1lir.ed ti II . 14 
Z~-1 Z Tl 

Weld Metal All We ld 0 . K. M la Co 

NOTES : (1) All r I tavity data ba ed on 1nlo~mat1on obta1nt'd from the literature . 
(A ) ind1 c ate1 a ccur t d ta . 

( B) Indi c ate interpolated data. of ood a c cura y . 
(2) Yield tren th ( 2~ nt) . 

C R- I T El 

Ch m1t I Compo 1110 

n S1 Cr 

016 0 I 3 80 lH I 16 

Ol 3 . 0 13 70 I 06 18 so 
. 020 OI S 72 99 19 72 
. 014 011 6 7 1 2 l 19 50 

020 OI S . 79 75 18 94 1 

022 . 019 . 70 7~ 18 92 I 

. 020 . 013 71 81 18 44 I 

. 018 . 01 5 . 67 8 2 18 88 l 

. 018 . 014 70 . 90 19 . 46 1 
029 . 017 76 1.01 19 67 I i 
019 . 012 . 72 I 08 19 67 11 

. 021 015 74 94 19 . 17 II 

. 015 017 . 6 5 . 83 18 . 82 ( 

. 88 . S I 24.55 2( 

CAST IRONS 

. 012 065 I. IS z. . z. z. . 36 20 

012 065 I. IS z. . 2 2 . 36 20 

. 012 . 065 I. 15 2 . 2 2 . 36 20 

. 012 065 I. 15 2 . 2 2. 36 20 --
Wl:LD META L 

= • 

. 013 I< 0 I l 75 38 20 23 10 

. 015 . oz I 55 . 49 19 03 10 

. 013 . 013 1. 78 43 · 5 88 21 
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TABLE VI 

5T AUSTENITIC STAINLESS STEELS 

C R- I ST E LS 

h mil I Compo 1110n 1n 1• 
orm I Co, r1 1 r R,· ,1~t1v11y 

M t:'I n1 I r op,• r tit· • c· rm,·d• or,, 1n 

I 
·~ 

H rd bil1ty - µ H, In M il rohm- R m r 
T y p E lon11 R A 100 lOO o .. r,.,, d,; C M 

C r Mo Cu 0th r n II n I I 10 p I an psi f• - l " 
_, ,. H H I I) 

0 97 18 16 9 . )5 9 , 000 34 , 000 68 . 0 I 00 I 00 0 7 9( A) 

70 I 06 18 50 9 4 J 69 , 000 )0 . 500 72 5 l OZ I 02 0 " 

72 'I~ 19 72 9 4J 71 , 500 35 , 0 0 0 54 0 l 08 I 08 0 . 
b 7 I Zl 19 50 9 43 

+Cb 
77 . 000 41 , 500 4-4 0 I H I 16 z 

. 79 75 18 94 10 . :!0 l 03 77 , 000 42 . 500 37 0 I 04 I 04 0 71 O( A) 
Cb 

. 70 75 18 92 11 00 . 70 78 ,0 00 38 , 000 39 0 I 04 I 0 4 0 " 
Cb 

71 81 18 44 10 . 68 . 97 76 , 000 38 , 000 35 0 I 01 I oz 0 
Cb 

. 67 8 2 18 88 10 38 84 77 , 500 40 , 000 37 0 I O I I 01 0 . 
70 . 90 19 . 46 11 00 Z 70 79 ,5 00 44 , 000 4 7 0 Z. 13 Z 20 '.) Ill ! O( AJ 
7b 1.01 19 . b7 I ll 21 2 . 95 80 .5 00 45,500 52 5 I 79 I 84 4 

72 1 08 19 b7 10 . 37 Z 55 82 , 500 '4b , 000 50 5 l l 5 l. 12 , ' 
74 94 19 . 17 10 oz Z 55 81 , 000 45, 000 ~2 0 I H I 4 :, l. 

Cb 
z8 5oo(l) 

IH 
. 6 5 . 83 18 . 8 2 9 . 0) 24 71 000 29 5 60 I 8 HN l. 66 l. 48 ND 7h I Bl 

70 , 000 15 , 000 30 0 
. 88 . 51 Z4 .55 20 . 09 17 . 08 Man M in Man I 0 1 I 01 0 7t, 4(A) 

C AST IR ONS 

M 9 1 14 0-170 
I . 15 2 . 2 2. )6 20 . 48 .085 64 , 500 12 5 R B I oz I Ol I ( R) 

M 
I. 15 2 . 2 2 . 36 20 . 48 .0'5 l OZ I Ol I 

M 
. 15 2 . 2 2 . 36 20 . .U .08 5 I 03 I 04 j 

Mg 92 
. 15 2 Z 2. 36 20 . 48 .08 5 RB I 01 I 04 I .. 

Wt: LD METAL 

I 3 J2 " d1a . I -
I 31 l. )8 z 7 1 ( R) tc o dl! deposit. - Cb 

70 , 600( 2) 
5, 32" d1 le -

7 5 38 20 23 10 . 15 . 62 94 , 600 )6 0 50 . l I 74 l 92 20 " lrodl' depo<11t 
Cb 

55 . 49 19 03 10 . 75 . 87 I 04 I 0 4 I 

57 500( 2) 
zoz 5/ Jl ' d1a . l' lt't• 

. 78 4 3 .!i 88 21 . 80 . C,2 91 000 )6 . 7 43 7 8HN l 00 I 00 0 76 (8) tc o de depo•ot 
l I b ' d1 I -

I 07 I 09 2 trodi' deposi t 
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32. In examinina specif ication Mil -5-867 (Ships) uaed in procuring 
corrosion- resi. ting austenitic castings, one finds that under the existing 
chemical composition range one can expect a wide range of magnetic 
p ropertie . Uthe ferrite forming elements are on the low side and the 
austenite forming elements are on the high side, then Cla s I material 
will be wholly austenitic while Cl s II and Cla s III materials will con ­
tain approximately O - 1·'9 ferrit and :,- lo-,. f rrite, respectively . On the 
other hand, if cond itions are reversed, i . e . , ferrite former on the high 
aide and austenite former on the low ide, C la s I and II will contain 
approximately 40 - 60~ ferrite and Class III approximately 60-801t ferrite . 
Judging from Plate 2 · t would appear that ferrit in excess of 20'9 would 
be undesirahle. Con equently~11less the NOL tets indicateotherwise, 
·utreme caution should be exerci~in procui-fng massive castings under 
thi~ specification. Most de irab ewoul be the specification of 25Cr - ZONI 
alloy for large casti~ Thi i!1 a tandard alloy in which lowperme­
abil:'ty is insured . 

33 . The results of tests mad on a U- weld meta l deposits are included in 
Table VI. In general, the meta lu:rgy of austenitic weld depo its is 
identical to that of castings and the afo1·ementioned principle apply . 
Referen _e (f) is an excell nt paper on the subject. It is not unreasonable 
to expect the normal permeability of some 19 - 9 welds to be greater than Z. 
Therefore, the afest approach would appear to b th p ecification of 
25-20 weld . 

34 . However , one must bear in mind that in gener 1 the mass of weld 
met.'\l will be riliti~ mall and as such, hould not illect to anyg'reat 
erlent the over all permeabilityofa s'iruciure constructed from low -- -- - --permeability materials. 

35 . lnclud d also in Tabl VI are the propertie of Ductile Ni-Resist . 
This is a cast iron containing 20'4 Ni and having a low permeability . 

Austeniti c Stainle s Steels - Wrought 

36 . As wa the case ·n the cast material , the magnetic behavior of the 
auatenitic wrouaht allo s is governed by their composition. However, the 
wrought and cast alloy• differ in several respects . A stainless steel that 
ia to be produc ed in the w

1
rought form must be one that has ati actory 

rollina or forgin1 pr.ope rtie . Simf ~arly a tainlesa steel which ia to be 
cast muat have satisfactory "castability." U one compa e the compo­
sition ranaes of wrought and comparable cast alloys, it is immediately 
apparent that the ferrite - promotina element. are held down and the 
auatenite-promoting e lement increaaed in the wrought alloys with respect 
to the cast alloys . A a .result, Uthe n clcel and bromium equivalents 

14 
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are calculated as before, it will be found that in general the wrou1ht 
alloys will be on the border line of the wholly austenitic area of Plate Z, 
wh,'!reas the cast alloys will lie within the austenite piui ferrite area . 
One would expect, therefore, that in the as-cast or annealed condition 
the wrought alloys would have low permeabilities . R.eference (h) 1ives 
a maximum normal permeability of 1. OZ for annealed AISI Types JO 1, 
30Z, 303, 304, 305, 308, 309, 310, 316, 317, 3Zl, and 347 wrou1ht alloys . 

3 7. As mentioned previously, the stability of the austenite determines 
the susceptibility of austenitic stainless steels to c'lld work. Reference 
(g} is a acholarly discussion of the ubject and pres,Jnta permeability 
results for a variety of stainless steels. Plate 3 is a plot of some of the 
data from this paper and serves to show the effect of cold work on three 
different analyses. Attention is called to the wide difference in . sponse 
of the two Type 30-l steel• . It is to be noted that the ordinate in Plate 3 
is the intrinsic permea ility and 1 . 00 must be added to the figures shown 
to obtain the normal permeability. 

38. The results of tests made on the wrought stainless steels at the 
Station are tabulated in Table VU. The high permeabilities of the Type 
3ZZ, l 7- 7PH, and l 7-4PH steels eliminate their use except possibly for 
small part applications . In general, it is believed that commercial 
annealed, straightened, and centerless ground bars of Types 302, 303, 
304, 305, 310, 316, 3Zl . and 347 will have an as-received permeability 
of less than Z. If considerable cold drawing, cold rolling, spinning, or 
some other type of cold reduction process is applied and the finished part 
i s not to be subsequently annealed, then Types 305 and 310 appear to be 
the most satisfactory steels from a permeability stand. ·oint. It must be 
·recognized that these are not the only austenitic stainless steels which 
will exhibit low permeability after consider~ble cold reduction. R.eference 
(g) li .. 9 analyses which can be expected to have completely ·table 
austenite s, or at least would require cold reductions greater than 80'9 to 
initiate a marked change in permeability. For ready reference the!:',e are 
as follows : 

Alloy 

No. C Mn 

I 0 . 05 0. 50 
z 0 . 10 o·. 50 
3 0.15 0.50 
4 0,05 0. 50 
5 0 . 10 0 . 50 
6 0.05 Z. 00 
7 o. 10 Z . 00 
8 0 . 10 Z. 00 
9 0 . 15 .4 . 00 
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Composition 

Si Cr 

0.30 18.00 
0 . 30 18 . 00 
0. 30 18.00 
0 . 30 18.00 
0 . 30 18.00 
0 . 30 18.00 
0.30 18 . 00 
0 . 30 18. 00 
0 . 30 Z0 . 50 

" Ni 

16.00 
13 . 50 
11 . 00 
16 . 00 
13 . 50 
13.50 
lZ . 00 
14. 50 

9 . 75 

Mo Cb 

Z.50 
2.. 50 
2.. 50 

1.00 



TABLE 1v 

PROPERTIES OF' WROUGHT AUSTE? 

I Chr, 
Typt' or Name pe c1• Cond i lion nd Treatme nt our e Lab 

!1 cat ion 
C p Mn 

S\aaleu S tee l Type )Oz(4) A l!l l - 30Z Cold Ro ll ed Strea mli n, Wi n Carpenter S t.ee l Co E ES l l l1 I ) 0011 •I 
EES .Ob . 91! 

" " W rouaht I / Z ,. bar • u re c'd OK Mfa Co DK Mia Co 06 1 . 0 l . 04 99 

" ' Above 1,1 Hut Trea t mrnt Ml " " ' " " 

" " Abovr (5) Hut Trutmrnt ,Z " " " " " ' 
" " Above (5) Hut Trutmf'n t #3 

,, 
" " " " " 

" " Above (5) Hut T reatme nt 14 " " " " " ' 
EE:S UII . '18 

" " W r o uah t I " ,. bar • • • re c'd " 0 K Mfg .Cu .on 0l0 . 0o!0 <19 

" " Above Cold Rr d . 1n Trn11on • J0"I, l " " " " 
t;i:,.:, 011 I. I q 

" " Wroughtl - 5 8"11 bar - a s rec'd " 0 K Mfg .Co . 0 -I S 0l'i 0l0 l l'i ,, 
' Above Cold Re d 1n Trnuon • lll.,.,, ' " ' " 

' " Wrouaht I " (, Co nd1llon A 114 Ru stlrsa Iron g, Stu,l Ru s t le 11 07 1 Ol l 0ll I . l l 

" " Wrnuoht I " J l"'.n nd1llnn B {bl " " ,0 l!S ooq 0l4 l l7 
/'i 

W r o uR ht 5 / 8 " • Co nd1 llo n C {bl ., " UK0 0 l J 0/.7 l l.l 
Sla1nlu1 Stu I Type J0J ALSl -3 0 J w r o uaht l" ,. Condt hOI\ A 10 1 " " . o,o .l59 031 . t,7 

£ES 10 97 
Sta 1nleu Stu I Type 30 4 AlSl - 30 4 Wrought 1/ Z" f, - u re c' d DK r. !11 Co OK Mfg Co . 071 0l0 on l OJ 

Ei:. .:, 011 . •1 ~ 

" " Wrouaht l " ,- bar . as rt' c' d ., C' Y. Mfg .Co 07S UlO 040 . qq 
" " Abo ve Cold Rt"d . 1n Ten ~1o n . z-,,- ., ' 

,, 
" 

t; 1:,.:, 0'> I. 64 

" " Wrouaht l - S/ 8 " ,- bar -u rec'd " DK Hlg .Co 0 30 0 I S 017 l ll 

" Above • Cold Re d ,n Trnuo n • l.8,.. " " 
,, 

' " 
' Hot Rolle d Anne al e d Rustleu Iro n&, Stre i £ES 11 Oil ozo bl 

" ., Wrouaht I (, • as re c d !Nava I S to , rs EES .0 7 • S7 

" Above• 1/ 2' fi shot peene d " " 
' ' Wrought I (, Cold R.-d . Tens,on -Z, , ,, ,, 

" ' 
" ' W ro uah t I " - Cold Red . Tension }7,. 
" " Wrought · Broken Tor . Spt' C 

Stunle11 Stee l I ype )05 Al5 I• .>U> Wrouaht-l. 1/ Jl. 'jl Cond.,t,on D \O J 

Slainlo!u Stu l Type J09 A ISI• 109 Wrought - 1- 1/ 4 '(, Co nd1t1on A lb} 
S\.unleu Stu I Typt' 31 0 AISl-310 Wrought • l•l / 1! " ; Cond1t1on A 16) 
Sta 1nleu Stu l·ryp" Jib AISl -3 16 Hot Rolled Annea led 
5i.lAIHI Stee l Type i ll Al51 - Jl. l Vi' r ougfit Annea •d 

" " Above 1,1 Heat Tre:atment t l 

" " Above (Si Hut T reatment ,i 
" " Above (5) Hut Trutment f 3 

" " Above (5) Hut Treatment 14 
Stai.n lu s Stu I Type 3ll Wroueht a. Precip , H.ardened 
17 -7 r> H Wrought I, Pre c ,p . Hard ened 
17 - 4 PH Wr ought I, Pre c1p . Ila r dened 
Staialeu Stee l Type H7 AIS !- H 7 W rouaht Pipe Stabih r.e d 

" " Above ( 'Slllut Trea t ment fl 

" 
,. Abov.,( 5) Hut T rutmrnt#Z 

II " Above (5 ) Hut T reatment 13 

" " Above! 5) Hut T reatment f• 
Ol1 caloy Wruuah t llut T~n w- d 
Oucaloy Abovt' -Cold Rr .L 1n Ten~1on l i,-. 
NOTS (I} All re i t 1v1 ty ala ba don 1n[o r m at1on obta ,nc-d from t he 

(A) 1nd1 c le a ccur le ta 
(l) Yu,l d tren th ( I 'JI, d ) 
(}} A veri. e pro p rt1e 
( ) Bt" cau e of t hu • I , I 
(S} pe e, I ti e t Tr tmut 

I ' " 
I ., 

" ' 
IRusllu1 [ron &, Stee l Ru , tl c-ss 0b0 . 01 4 . OZH S!! 

" Obll • C/Ot. Ul7 ll 17 
" " 05t oo r1 Oll 11 42 
I EE5 II t raa 015 I 811 

Allegheny-Lud lum • Ob 0lb 010 . SI 
ti ' ' " " 
" " " " " 

" " . " " 
,, 

" " " " " " 
Ca rnee1e•l ll Steel " 0 7 017 .0 18 • 54 
Ru stl e u Iron&, Stee l ' 07 009 .0l l . b5 

" " OS 0 10 . 0lJ S8 
M . W Kello i;s " OH . 0 1 D . oz I . b9 

" " ' " " 
" " " " " " ·--
" " ' " " 
" " " " " " 

w., s hnghousr E le c T yp,cal Comp 05 . 70 
" " " 

il tf'r turr , 

e a T yp l0l can bf" I c-d T ypf' \0 • 
l'1 <i° F { r 15 m1nu lt.' lrr (Ju,·nch . 

nd t.1 l tr t ml'nt I nd 17L0°~ lnr I I a A1rioo l 
nd l'IS0°F Cu r I ' m1nut Furn 11 , 11 

nd h t trr a t ment ant.I 17o0°F for I ,u r • Air , o 
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TABLE VII 

UGHT AUSTENITIC STAINLESS STEELS 

Chf'm1cal Com po , lllon 1n "' 

C 

ll 
. 06 

Oo l 

" 
" 
" 
" 
08 

.OH 
" 

,08 
.0-IS 

' 
071 

.O ll 'i 

OHO 
. 050 

10 
.OH 
, 08 
. OH 

0'> 
0 30 

. 11 

.0 7 

" 
" 

' 
, 060 

0611 
OSt 
II 

• Oi> 

' 
" 
' 
" 

.0 7 

. 07 
• OS 

OR 

" 
' 
" 

. 05 

\0 
•nch . 

p 

O 1 l OOd 

. 01 .04 
' " 
" " 
" .. 
.. " 

OlO . 040 
" " 

015 OlO 
" 
Oll Olj 
00'l 0 ,?4 
0 1) 0/.7 
l.59 031 

OlO on 

0.?0 040 

' 

0 15 017 
" ' 

Oi l ozo 

. 0 14 . OZII 
• 0·Jt Ol7 

00 11 Ol.l 
lraa, 015 

OH, 010 

" " 
' " 
" " 

" " 
017 . 018 

. OO'l • OZI 

0 10 . OB 
. 0 10 02 

" " 
" .. 
" " 
" " 

11 1t A1rc ool 

'" 

Mn 

• l 
.91! 

9'1 
" 
' 

" .. 
• 118 

99 

!l l1l 
I l~ 

I. 1 l 

I l7 
I u 

. t,7 
'l7 

1 0 l 
. 'lH 
. qg 

" 
I . 1\ 4 
I l l 

" 
bl. 

. 57 
" 
" 
" 
' 
SM 

ll 17 
11 42 
II 88 

. 51 

' 

" 
• S• 
. 65 

58 
I . 69 

" 
" 

" 
. 70 

" 

I ,u r Ai r , o l 

S1 Cr I Mo Cu 

58 18 5'> 9 98 09 
11 . 65 7. 94 

. 40 17 .60 8 00 Ill • 18 
" .. " " " 
" " " " 
" " " 
' " 

I 8. 7o l! 14 
41 18. H II O l l 'i ll 

" " " " 
,, 

19. 1,5 9 00 
..)lj I lj l 10. 7 u6 ll 

" " ' 
. ~q 17 Iii IL !IS 

4 h pi Ill Q , ... 

41 17 , H IL 79 
49 18 4l 8 5', 

18 . 71 II 85 
. 47 I 8 87 d •7 . )0 . 24 

18 . 7 '1 7 99 
. 41 1s . n 8 . 0} . l9 . ll 

' ' " 
18 . 49 i 10 b7 

49 18 l9 10 . 72 0• . II 

" " " 
41 18 . 58 9 l8 . 16 

18 . H7 ? 43 

" 
,, 

I " 
II " 
' " 

s. .~.l1 I l . Z4 
IH Z4 40 I J . b5 
41 z 4, qo 20.24 
42 17. zo IZ 75 l . 25 
'IJ 18 . 4l ~ . bJ . 0 1 
" ' " 
" " " " 
" " " " 
" " " " 
', 4 II>. '18 b. 7t! II 
47 16 . 9} 7. 04 

. j(, 16 6l. 4 40 ) . 8', 

. jlj JS 1) 12 34 

" " " 
" " 

,, 

" " " 
" .. " 

. 70 13 0 z~ .o l . 00 

' .. .. .. 

Al 

. 19 
I 0'1 

I 
. I. 
" 

o r r-n I Co r cl ve Re 11 v l ty 
tcha nlC l P pe rtin Pt r m o r e ft 

Ha r d - b1ht v µ - HC lc rohm 
T s Y. . ( , l.,.) lo n RA . ne•• --- C M Otl er 

"' 
100 too n 

in p I In p I ,e1n2 " H )I oeu ted • 11 1 

l - ll Re I . 56 Z 00 l7 70, l (A) 

85 oooP JO non( l bO ()) 70()) 96 R , l Oil I l l n II 

1.01 1.01 0 " 
1 01 l 0 1 0 II 

I 01 I. 01 0 " 
I 01 I 0 1 0 " 

" " " " 97 Rb 1 28 I 3J .. " 
)3 Re '> l >) Note l7 ) " 

IIS OooO J )0 000( 3) 60( 3) 70 (l) 86 Rb I n I 36 2 " 
26 D r 114 l. 41 1 0 " 

IS9 R ~N 1.00 l 00 0 II 

lZI R HN l 09 1 I ll I I, " 
;J21 R ~N I I 9 I 44 , .. " 
248 BHN I 03 I 0 4 z II 

85 oooP )0 oooPl 60()) 10(3) ll'i Rh I 00 I 00 0 '71. ti & I 

.. " " .. 93 Rb I 23 I lo 6 II 

35 Re >l >) Note(7) " 

8" 000() 10 oocj 3) 1,o(l) 70()) 79 Rh I 00 J 00 0 

25 R " J 0 1 I 0 1 0 
llC nnn() 10 ooo() 1-.nD) 10{}} 11 50 R~N l OZ l 02 o 

" " " " 77 Rb 1 01 l OJ 0 

I 01 I 0 1 0 
100 R h I 02 1 04 ' 10 R r l 06 J lS 1/, 

I 08 I I l Q 

12 11 R MN 1 00 I 00 o 7 7 0/ & \ 

1 59 R MN 2 47 2 ,; I, • .,. n/&\ 

163 B U N 1 00 l 00 o '70 o/ ~\ 
R~ ooo O ,o oooO "n() I -,n() ) I ~n D UhJ l 00 I 00 0 72 .. 1 ... , 

n 56 85 ooo(J 10 0000 55 (3} 10()) 150 Al-I N I 18 I 20 , '71 1 1 -" \ 
II I I~ I I~ I " 
" I. 10 I. 10 1 II 

' 1.09 I. 09 I II 

" I. 10 I. 11 I " 
n n 191,000 I 7'l, 600(ZI 15. 0 55 . 0 )93 BH N > 3 >) Notc( 7l 

· 1on <>n n I(,) ,nn l-' ) 1 a o ,., o 1 .. 10 RM"' > l > l MAt-/71 

t:b 43 179 zoo 11>6 ooo(ZJ 16 . 0 54 0 )6) A.MN > J > 3 ..,_,_,,1 
th 110 90 600 58 '1 0 0 , o ~ I, ~ ~ I , .. RUM I 00 I 00 II 71 >I • \ 

" 1.00 1.00 0 II 

" I 00 I 00 0 " 
" 1. 00 1. 00 0 II 

" I. 00 1. 00 0 " 
n I.!(> 145 000 106 000 19 0 JO R r I 00 1 00 o 
" 37 R r I 01 1 01 0 

(6) A re ceived Condi tion : 
o li 100 A - Anne led , ma clufte tra i htcned a_nd centcr le • r ound . 

Co nd1 l 1on B • Anne ale d , cold d rawn appro I "' • mac h ine trai htened a_nd 
tr • relie ved . pee. A - -771 , Cond .. 

Con 1t1on C • Anne ale , co ld d ra appro Z .... m a chine d, 1tra htcfte d 
nd t rtu relie ved . pee A • - 77 1, Cond B. 

Con<i1llon • Anne aled, bu mper tra h tcn~d 
(7 ) ' o t de termined 
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Another a lloy whi ch has been deve loped commercially for c:old heading 
appli ationa ii the 16Cr - 14Ni stee . 

39 . The literature i ndica te that the permeabili ty of wrought au teni tic 
ta nle eel hould no t be adver sely affected by hot working operations 

provided the t e l ar not he ted above nor worked be low their recom -
mended temperatur rang The eif t of variou heat treatments on 
the normal permeability of Type 302, 321 , and 347 steels i included in 
Table Vil . It hould b no ted that n i the r low cooling from 1" 50°F, 
nor stabilizing at l 700°F cau f!d an increa se in penneability . lndications 
are , therefore, that unannealed hot worked and/o r stabilized wrought 
au tenitic stainle s steel will be a cceptab le from a permeability ---------standpoint. 

40 . Early in the investigation some preliminary work was done to 
determine the effe ct of fabri c ation proce es u ch a s shearing and bend ­
ing on the permeabil i ty of Typ 304 heet to ck . The results of the e 
few test are tabulated in Table Vlll. It i intere ting to note that neither 
shearing nor 90° bending c aused any marked increase in permeabil ty . 
The over all effe c t here is a ma effec t dependent upon the proportion 
of worked to unworked .1eta l. 

41 . In addition to the foregoing, permeability mea urements were made 
on the type 304 heet after annealing but before pickling . A con iderable 
portion of the cale on these samples remained intact. The permeability 
of these arnplr s was approximately 1. 2 and indicates the necess ity of 
~moving the cale from austeniti c stainles steel surfaces and weld­
when practicable . -

TABL VUJ 

E F C T O VARIOU COLD WORK G TREATM NTS ON THE P E RMEAB IL ITY 

0 AISl T YPE 04 STAINL ESS STEEL 

No r ma l Perm ab ili t y - µ 200H 

Co nd . l Cond . 2 Cond . Co nd . 4 Cond . 5 Cond . 6 
Th ickne A recd Cond . l Cond : I Cond . l Cond . l 

Compo it ion ,. nd nd 0 n and and 
o r two Lo n i- 11 ,. 20 ,. 3 ,. 

nd h ared tu i na l cold cold cold 
Sheet Pie l d be rd R duc ti on Redu ct ion Reduc tion 

. 0 O' ' 1. 00 1. 007 
. 0 0 " l. 002 l. 0 13 1. 0 20 1. 12.7 2. . 353 
. 0 0" 1. 005 l.0 1 
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St el 

2 . From the physical metallurgy standpoint th b havior of th u t n ­
iti man ane or o-called Hadfi ld mangan ted i imiliar to th t 
of the aust nitic stainless t el . A before, th au teni t of th manga ­
ne e steels is tabil i zed at room t~mp r tur by the add i t ion of lloyin 
element . The original Hadfield teel ontain d C and Mn the prin ipal 
alloying elements. Many modification of the original alloy h v been 
d v loped and in lud th addition of Cr, Ni, M , and V. The e 1ential 
difference between the aust nitic mang ne and the au1tenili tainle 

t el lies in th ir reistanc to orro ion . In general, the corrosion 
teel ~e only Tightly b tter than th t of pl in 

4 . As in the case of the tainles usceptibility of the 
mangane teels to cold work i d pend nt upon the stability of the 
au tenite . A before the stability i determined by the composition. 
Th prop rties of the mangane teels tested thus far ar tabulated in 
Tab IX . The differences in usc ptibility between the various alloys 
i r d i y ppar nt. The important feature of Table IX i that all of the 
~ oy ....:~ low permeability in the a~aled or ~-rece~d co~tion-:--

CONCLUSIONS 

44 . Conclusions are based on th data and information contained herein 
and consequently apply to strong magnetic fields (100-200 oersteds). 

45 . In g neral , th norma l per ability and coercive force of all brasses, 
bronz , cupro-ni kel, and other copper ba allQys will be low in the 
ab ence of iron. Iron contents up u, 5,. in the bra se-s and bronzes do not 
r s ult in perm abili t ' es in exce s of 2 regard le s of condition or treatment . 
The normal permeability of annealed cupro-n· ckel alloys is not affected 
by iron contents up to 2~ . On the other hand, the permeability of as-cast 
or hardened cupro-nickel alloys approaches 2 when the iron content exceeds 
1. 00,.. There are indications that s ome of the e alloys are ferr magnetic 
and as uch may have higher permeabilities at lower field trength1. This 
is the case with the 80Cu - ZONi + Fe alloy . 

46 . The permeabilitie of the nickel base alloy, "K" monel, "S" monel, 
and inconel are low under all circumst nee . 

18 



E . E . S . RE P ORT 4E(l)66904 , 4P(l)66918 

TAB L E IX 

P ROPERT IES OF AU TENIT IC MANGANESE STEELS 

T Condition Chemic I Compc., ition 1n "Ai 
o r nd ourc L b. 

m Tre tm nt 
C s p Mn Si Cr Ni Mo Other 

H fie I rou ht E . O Budd 
Mn :, tee I Dead Soft Mfg. Co . EES . 9 1 .0 3 . 05 13 . 52 33 . 05 , 05 . 01 
H d fiel d Vt r ought E . 0 . Budd 
Hn :, tee l Cold Rolled Mfg . Co EE~ . 98 . 03 . 0 5 13 . 48 . 33 . 08 . 0 5 .02 

":le ,sop As Re cd P h1la .Na val 
f q !/•" Pla te Shipya rd E ES , 41 . 020 .010 13 7 . 50 4 . 24 3. 06 V, 51 

J e op W rou ht J op 
#9 I " 6 ba r Stet l Co. Je ssop . 34 . 0 14 .0 20 12. 15 . 30 4 . 00 3, 54 . 4Z 

Je p Abovt -Cold Red . Jt ssop 
IJ q m T en , 1on • 31,. Stee l Co. Jt ssop 34 . 0 14 020 12. 15 . 311 • , 00 3, 54 . 42 

J ,. "' P Wrought Jes1op 
t.!00 5/8'' ~ bar Stt!i!l Co. Je ssop 29 . (, 80 . 065 11 . 00 . 38 . 66 7. 39 

Jt ~o p Above -Cold Red . J op 
#200 in Tension - 11-,. Stt-el Co . Jeuop . 29 . 0 0 . 0b5 11 . 00 . 38 • 66 7.39 

Mn-N1 Wr ou ht - I " - T ylor . 60- 13 . 0- I. 25- z. 75· 
S t.-i:l A s Re c'd Wha rton . 80 15 . 0 I. 75 3. 25 
Mn -N1 Wrou ht • I " ; A m. Br ke Am . 
Steel A s Re c'd Sho t- Br akt- Shoe . 77 . 008 . 050 14 . 62 I. I 7 . 31 4 . 0 1 Nonl 

No rm .I Coercive Res i. hvity 
Typ t- ch nic a l Prop ·rte P erme- • Force i n H r d-o r bih t• - /J He Mic r ohm 

mt- T . Y. P . E lon . R . A . r-,e s 100 200 in CM 
1n p 1 in p , 1 .,. . 2" .,. 

H H o e rsted1 (.!) 
:•l"ld 

Mn ,tet' l 141. 400 50, 100(2} 53. 1 I 02 I. 05 4 68 (B) 
II dh Ii 
MnSte- t-1 171,600 130,000 (2) 14 2 I. 58 1. 99 3 1 68 (B) 
J op 
N9 I . 00 1. 00 0 68 , 0 (A) 

J e o p l b-35 
~9 123,000(3) 87, 500( 3) ,.0(3) 45( 3) Re 1. 00 1.00 0 67 . 8 (A) 

J e op 40- 2 
• 9 R e I. 13 1. 32 28 67 . 8(A) 

J o p 
~zoo 90, oooP) 45, 0000 ) 65 (3) so( 3) 92 Rb I. 00 1.00 0 70 (A) 

J op 102 
N200 Rb I. 00 1.01 0 70 (A) 

Mn-N1 
S tet- I I. 00 1.00 0 68 (B) 
Mn - N1 
Stee l 1.00 l.00 0 68 (B) 

OTES (I) All re stivi y data b don Wormahon obtained from h li teratur . 
(A) lnd1cal a ccur te data 
(B) 1nd1 lt' da ta of ood ccura y. 

(2) Yie ld tren lb ( . l"A,) 
(3}Aver e i:, r op rtie 
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47 . Th normal permeability and co rcive for e of au tenitic tainle • 
t el w ld metal nd ca tings are depend nt upon the tability of the 

au tenit which i controlled b the composition. In g n ral, Z5Cr - 20 Ni 
i th only tandard ca ting and w lding au teniti tainle t el th t 
ha sufficient t bi lity to give consistently low perm ability value . 

48 . Th wrought aus t nitic stainles s t el have low p rm biliti in 
the annealed condition . These alloys are, however, u ceptibl to cold 
work . The degree of susceptibility is dep ndent upon the tability of th 
au tenite, which , as in the case of cast alloy , i ontrolled by th 
composition. Type 305 and 310 have relatively tabl au t nit s and 
exhibit low permeabilities after orsiderable cold work . 

49 . The austenitic manganes steels are similar to the wrought austen­
itic stainless steels in their magnetic b havior . Plain Hadfield teels 
have relatively unstable austenit s and are affected by cold work . The 
addition of nickel as an alloying lement reduces this effect. 

DISCUSSION 

50. For the most part, the discussion has been in orpor ted in the text 
of the report and little remains to be added her . Test samples have been 
and are being pr pared and sent to NOL for magnetic test at low field 
strengths . An in ormal concept of the in1mediate test program at NOL 
involv s the following when applicable : 

(a) Maximum ideal perm ability in the range of 0-1 oersteds at 
room temperature . 

(b} Maximum ideal perme.1bility for any reasonable field (below 
50 oer sted ). 

(c) Normal residual induction and coercive force from saturation 
(approximately 1000 oersteds). 

(d) Determin the Curie point if within operating ran e minus 40° 
to 1Z0°F. 

(e) Repeat a, b, c,just below the Curie point to obtain the maximum . 

51. Little has been said in regard to th use of coercive fore as a 
criterion for sel ction of materials . Thi i b cau th relativ 
importance of this property on the magnetic ignature of the completed 
component has never been clearly defined . 
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RECOMMENDATIONS 

52. No unqu lified recomm ndation can be mad un il the work at NOL 
1 cornpl ted . Up to thi tin~-~ the no rma l perm ability of som 45 samples 
whi h w r origin lly t t rl t th i Station has been determined at -40, 
+24, and 49°C in a O. r o r t d fi ld by NOL . The weak field measure -
ment c.~onfirm th tr g fi ld m asurem nts wi th but few exceptions .. 
Knowing that a c rtain el ment of ri k xi t , one can therefor make 
certain generalization about the magn tic prop rtie of the typ of 
mat rial overed by thi report. The mat rial logically fall into four 
cla se . The are follow 

21 

Clas I - Those material which undoubt dly will have satisfactory 
perm ability and coerciv force, especi:illy at room 
ternperature or higher . 

(a) All as-cast, annealed ; or cold worked brasses, bronzes, 
cupro - nickel and other copper ba e alloys containing less 
than 0. 20-,. iron . 

(b) All fully anneal d brasse , bronzes, cupro-nickel and other 
copper base alloys containing iron in exc ss of 0 . 20-,. but 
le s than s,-. 

(c) Nick 1 base alloys of the following types : "K" monel, 
"S" monel, and inconel. 

(d) Unanneal d 25Cr - 20Ni austenitic stainless steel in the 
form of casting , weld metal or wro ght material. 

(e) Fully annealed wrought austenitic stainless steels of the 
following type : 301, 302, 303, 304, 305, 308, 309, 310, 
316, 321 and 347 . 

(f) Fully anne led austenitic manganes -nickel steels such as 
Jessop f9 and Je sop 1200 . 

C la II -Tho e mat rials whose perm ability is less than 2 but 
which m y exhibit coe r c1v for es of varying manitude. 

(a)All bras e and bronze ontaining 5o/o or less of · ron 
wh ther a -cast, hot rolled, cold rolled, or annealed . 

{b) All cupro - nick 1 allo y containing 0 . 60,. or le iron in the 
as -ca t , hot roll d, cold roll d, or harden d condition. 
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(c) Austenitic cast irons such a Ni-re i t Type 2 . 

(d) Commercial annea.led, pickl ~d, and tr ightene ; and 
unanneal d but scale free ot worked, wrought u tenitic 

tainl ss st els of the following type : 302, 303, 304, 
305, 310, 316, 321 and 347. 

( ·) Cold f med types 305 and 310 wrought austenitic atainle 
st els. 

(f) Fully annealed plain Hadfie ld au t niti mangane teel. 

Cla s Ill - Those mate rial s whos p rmeability, becau e of 
compo ition range or t eatment, may be greater or le s 
than 2 and IT\ay also exhibit coercive force of varying 
magnitude. 

(a) Unannealed cupro-nickel alloy containing more than 
0. 60~ iron . 

(b) Austenitic stainle t.eel ca tings conforming to Classes 
I, II, and III of specification Mil-S-867 (Ships) . 

(c) Austenitic stainless teel weld m etal of the 19-9 and 
25-12 type . 

(d) Cold work,;d wrought a•.1stenitic stainle s steels of the 
following types : 301, 302, 303, 304, 308, 309, 316, 321 
and 347 . 

(e) Cold worked plain Hadfield steel and Jessop #9 manganese 
nickel steel. 

Cla s IV-Those materials whi h show unacceptable permeabilities 
in thr: condition in which they must be used . 

(a) Straight monel metal. 

(b) Precipita,tion harden ng stainless steel of the type 322, 
17- 7PH, and l 7-4PH . 
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TENTATIVE CONSTITUTION DIAGRAM FOR CHROMIUM-NICKEL STEELS 
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