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ABSTRACT 

Non-magnetic armor plate is usually made from austenitic steels 
which when cold worked, tend to become magnetic. Samples from a number 
of widely different types of austenitic alloys suitable for non-magnetic 
armor were subjected to varying degrees of cold reduction, e.nd studied 
magnetically. It was found that the high carbon manganese alloys have a 
great capacity of acquiring high surface hardness upon defonnation and of 
still retainin,~ their w%k macnetic characteristics; the low carbon alloys. 
on the other hand, are weakly magnetic for sm1ll amounts of cold working 
but become increasingly magnetic with further red~ctions. In .any case. 
these alloys are all much less magnetic than amor of the "STS" type. 



THE EFFECT OF COLD WORKING ON THE 
MAGNETIC PROPERTIES OF SOME AUSTENITIC MANGANESE STEELS 

AUTHORIZATimr 

l. This investigation was authorized by the Bureau of Ordnance 
:rojec~ 0r~er 2151 Ord. of l August 1941, and represents a second magnetic 
investigation conducted under this authorization. The first was devoted 
to a study of the influence of heat treatment on the magnetic properties 
of some armor-plate steels and is given in NRL Report No. M-1842. (1) 

STATEHENT OF PROBLEM 

2. Non-magnetic armor plate is generally made from austenitic 
steels. The magnetic properties, however, tend to change when these 
steels are cold worked by rough handling in shipping and erection, or by 
attack by projectiles. 

J. The ballistic properties of austeniti~ steels as quenched are 
equal to those of 11STS11 of the same hardness, but ·c.his hardness is lower 
than that of homogeneous light armor. Austenitic alloys can be hardened 
by heat treatment but they become magnetic, and so far attempts to improve 
ballistic properties by alloying have not been successful in developing the 
hardness desired. However, the proper degree of cold work raises the hard­
ness and improves the ballistic perfonnance of austenitic alloys without 
causing them to become too nagnetic. Cold worked Hadfield steel has been 
used extensively for light armor. 

•4. The purpose of this investigation was. therefore, to determine 
what differences might exist in the response to cold work of a number of 
widely different types of austenitic alloys which may be consideredfor non­
magnetic armor. 

KNOviN FACTS BEARING ON THE PROBLEM 

5. Austenitic alloys (,rlth more than seventy-five per cent iron) 
are non-magnetic; however, they are metastable at room tempera.ture and · 
decompose to alpha, at least partially, when cold worked or when held at 
temperatures in the two phase region. Only the alpha phase is ferromagnetic 
at room· temperature; whereas, the ga.mnais not. Cold work (2 )O)causes alpha 
to decrease its permeability, and increase its residual induction, coercive 
force and hysteresis . loss, the only magnetic property not affected is satura­
tion intensity. Hence, the measured magnetic properties of these alloys are 
actually the sum of two factors: (a) the amount of ·alpha present, and (b) the 
extent to ,mich the alpha lattice is distorted. 

6. One type of austenitic alloy, Hadfield steel, owes its austeni­
tic character to the carbon which it c.ontains as well as the manganese. The 
alloy must, however, be quenched from a fairly high temperature ~or it to 
be completely austenitic and non-magnetic. On the other hand, high manganese 
(16 to 25%) low carbon alloys contain two phases (chiefly gamma and some 
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epsilon) both of nhich are non-magnetic.(4) The gamna phase in t hese 
alloys transforms upon cold Trorking, but no evidence is available which 
indicates that the epsilon phase upon severe distortion transforms either 
nholly or partially to a_ ferromagnetic state. 

EXPERDJENl'ALVTORK 

7 • A series of widely different types of austeni tic manganese 
steels having the compositions shmm in Table 1 were selected for this 
investigation. Alloys Ho. 150 (Hadfield steel) and no . 151 (Jessop steel) 
Yrere from comr.i.ercial stock, the rest from experimental heats. From each oi' 
these steels, rods 1/2" in diameter and 10 11 in length were prepared and 
later heat treated by austenitizing each at the proper temperature for one 
hour and uater quenching. In every case, the bars 1°ere sensibl;,,r non-magnetic 
(highly paramagnetic) in the 11as quenched" state, but upon progressive cold 
working, they became more and more ferromagnetic. 

8. As a means of studying quantitatively the influence of cold 
-rrorking on the magnetic properties of these steels, samples were all cold 
svraged in a rotarJ svraging machine. (5) Tlle amount of cold work was meas­
ured in te:nns of per cent reduction in crOlls~sectional area of the originally 
underformed austenitic bars. After each reduction, the specimens nere 
measured for size, magnetically analyzed, and then cold srraged for further 
reduction. 

9. The magnetic properties -rrere determined T: i th a Fahy Simplex 
permeameter (6) of the type shonn in Plate l. This apparatus is not parti­
cularl:r Trell suited for measuring paramagnetic materials, but may, horrever, 
be used for neakly ferror.ia~netic ones. For this reason, no attempt ;,as 
made to determine the paramagnetism of these alloys. The e:itimated accuracy 
of the apparatus, based on repeated observations tas about 20 per cent for 
nealr..ly magnetic alloys and about 5 per cent for those that TTere strongly 
ferromagnetic. All measurements were made at room ter,iperature, (about 25° C) . 

DISCUSSION OF RESULTS ODTf;IllED 

10. Shoon on Plates 2 to 7, inclusively, are the normal induction 
curves and hysteresis loops* as determined from the magnetic analysis of a 
series of cold svraged austenitic allO'JS. Increases .in permeability, resi­
dual induction, coercive fo1~ce, and hysteresis loss T,ere generally experienced 
upon cold 17orking. As it may be seen from the normal induction curves, mag­
netic saturation T,as far from realized in many cases because of the d,ifficul ty 
rri th which the alloys ne·re magnetized. Higher magnetizing fields are neces­
sary for saturation. 

11. The decomposition of the austenite upon cold working to a ferro­
magnetic phase appears not -so pronounced in the high carbon manganese alloys 
as in those of lmier carbon content. Apart from this generality, nothing 
specific can be deduced as to the influence of each element on the austenite 

*On each plate, the hysteresis loops are given in the upper portion, and the 
normal induction curves in ihe lorrer. 
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decomposition nith deformation due to the variety in composition rrhich 
exists among the alloys. HOl'rever, there are tvro alloys {see Table 1, 
Nos. 153 and 155) similar in composition, from which it is evident that 
the molybdemun tends to favor ~he decomposition to a ferromagnetic state. 

12. A complete summary of magnetic characteristics for these 
steels is given in Table 2. These data have been calculated in the manner 
described in HRL Report No. I:-1842, page 2, paragraph 10. (1) BY contrast, 
the al101Js are much less magnetic than arnor of the 11STS" type. Some values 
for 11STS 11

, taken from the report just mentioned, are given belo\7 for compari­
son: 

BI{N = J:i.5 ( or RC 43) 

,P max= 1150 

I\, = 13,000 

He= -16 

Dr x He = 2on,ooo 

(BH) max= 99,000 

k = 0.476 

B = 20,800 (H = 260) 

13. In actual use, armor plate is rarely subjected to magnetizing 
fields stronger than those of the earth. Ilesults of this investigation shOTT 
that the normal magnetic induction r1ay be assumed as a linear function for 
most cases in very weak fields up to a strength of 10 oersteds. The 
permeability of these steels may then be regarded the same at relatively 
weak magnetizing fields as at a field of 10 oersteds. The change of per- · 
meability with cold 1:orking is shmm in Plate $. Those steels having a 
permeability of less than 1.08 are considered as non-magnetic, between 1.08 
and 2.00, as 1:eal'".J.y magnetic, and above 2.00 as magnetic. In ,,eak ma,gneti­
zing fields, the high carbon manganese alloys are feebly magnetic for all 
reductions up to 43 per cent. The lorr carbon manganese alloys on the other 
hand, are rreakly magnetic after about 5 per cent reduction and become 
increasingly magnetic beyond 10 per cent. 

14. Cold uorking was carried far be:rond the hardness YJhich gives 
the best ballistic performance for the thiclmess in uhich non-magnetic 
armor is used, 350 to 430 Drinnen (17 to 45 Roc1mell 11c11 scale). Conse­
quently, the surface brittleness developed ~J some of the alloys (particularly 
the low carbon alloys) on the highest reductions may have no bearing on their 
suitability as non-magnetic armor. 

15. It is interesting that the Hadfield steel, vrllich is the least 
expensive of the steels investigated, hardened under cold 1·rork more rapidly 
vrith per cent reduction, developed a higher hardness, and at the same time 
-rras least affected magnetically. 

COHCLUSIONS 

16. From this investigation of the influence of cold norking on 
the magnetic properties of a series of .-ridely different austenitic manganese 
steels, it may be concluded: 

(a) That increases in permeability, residual induction, 
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force, and hysteresis loss were experienced; 

(b) That saturation was never realized for the magnetizing 
field used (typical of highly distorted or weakly 
ferromagnetic materials); 

( c) That these alloys are all much less magnetic than armor 
of the 11STS11 type; 

(d) That permeability may be regarded the same for relatively 
week magnetizing fields as for a field of 10 oersteds; 

(e) That austenite decomposition upon deformation to a ferro­
magnetic phase is not as pronounced in high carbon mangan­
ese alloys as in lower carbon alloys; and, 

(f) That all ·of the steels, except Ho. 155 (high moJybdenµm.) ca,n be 
cold worked to an extent sufficient for ballistic purposes 
without becoming more than feebly magnetic (permeability 
less than 2). 

REnOMMENDATIONS 

17. In view of the lower cost and excellent resistance to 
becoming magnetic by cold work., it is recommended that cons;i.deration be 
given to cold worked Hadfield steel for non-magnetic annor. 
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TABLE I 

Chemical Analyses 

SPECIMEN NO. 

(a) cs; (c) 
Composition 1.50 151 152 153 154 155 

C 1.32 0.35 0.30 0.06 0.03 0.07 

Mn 12.4 11.9 6.83 17.82 17.39 17.42 

Si 0.27 0.22 0.11 0.24 0.12 

Ni 0.11 3.15 8.91 

Cr 4.40 a .. 91 

.Mo o. 74 1.70 

V 0.16 

s 0.0.5 

p 0.10 

Ti 0.02 

N2 -+- 0.064 

NOrE: (a) Hadfield Steel (b) Jessop Steel (c) British non-magnetic 
armor steel of 118-8-811 type. 
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