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Jerome H. Hemmye

ABSTRACT

There has been little work done to relate.the magnetlic behavior of
ferromegnetic materials with stress. This thesis is the record of the
relationship found to exist between the mechanical and the wmugnetic be-
hevior of SAE 4140 steel.

Standard ASTM tensiie specimens were louded snd meuasurements were
nuae of the resistive and inductive couponents of the impedance of the
{est eoil surrounding the specimens. The final results were exprecsed
in terms of the rutio of the initial value to the value under consider-
ction beCcﬁse of the difficulty of reaucing the measured vzlues to £hso=
lute units.

The data indicste thet there is a relztionship between stress end
the msgnetic behsvior of the steel. The relztionship is determinea ty

the heat treatment of the steel,
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INTRODUCTION

The varistion of the permeability of steel when stressed has been
recognized for years, having been investigzted and described by Villari
as early as 1864. Very little work has been done, however, on the
effects of struin on the resistivity of steel.

The use of magnetic methods for the determination of the mechanical
proverties of steel has been suggested in the hope thet s magnetic exeam—
ination of the steel under stress would provide some information as to
the condition or suitebility of the materizl without destroying the part
or specimen. Work done in this field, to date, has resulted in the
development of metel comparutors and allied devices which compere the
megnetic properties of an unknown specimen with the magnetie properties
of a specimen of kncwn mechanical properties. The majority of these
applicstions have been limited to conditions of no externsl stress. The
work presented here has been done on stzndard ASTM tensile specimens
with known mechanical properties in sn attempt to show the results of

externally applied strain on the megnetic properties of SAE 4140 Steel.



BACKGROUND

The classical technicues used for the determination of such meg-—
netic properties of steel as permeability, magnetization, hysteresis
loss and resistivity have been baseu on the use of direct current, 60
cps or 1,000 cps analysis. In most cases this work wes done with thin
leninations or very small sections with the result that the bshavior of
the complete cross section of the specimen was determined. The net
result to date, of the work done in the past, has been adequate for
magnetic circuit design and for the development of metal comparators
vhich compare the megnetic properties of one specimen directly with
those of another of known mechanical properties. The majority of these
applications have been limited to conditions of no external stress.

In order to understand the behavior of a msgnetic material under
stress, an understanding of some of the basic theories was found to be
vital. Regarding magnetostriction, wWilliams wrote;

If a ferromagnetic rod shows an increase in length due to a
magnetic field, that szme rod will show an increase in msg-
netization when stretched or a decrezse when compressed

longitudinally. If the rod shortens in s mzgnetic field a
correspending Villarl effect ensues. For substances which

show an increase in magnetization for weak fields, and a de-

crease for strong fields, there is a critical field strength
where the intensity is the same whether the rod is stretched
or not. This is known as the Villari reversal point.
Burrows extended this statement somewhat; "There is a certain value of
tension for which the induction is a2 maximum for a given field.n?

Many magnetlc properties very in a manner best described by the

dome in theory.



The modern theory of ferromegnetism sttributes the ferro-
magnetic effects to groups of electrons called'domains' which
consist of electrons spinning on their own sxes. The magnetic
axes of the spinning electrons in any one domain are held
parallel to each other by mutusl forces known as exchenge
forces so that each douzin behaves s8 a single unit. These
domains account for the magneto-motive forces inherent in
ferro-magnetic materials. When the mezterial is unmsgnetized,
the domains are srranged in various orientations so that the
total magnetic effect is zero in any direction. Under the
influence of an external field the magnet axes of the domains
are more or less oriented in the direction of this field, so
that their effect is addea to that of the applied field.3

These spinning electrons or spinning nucleuses have definite meg-
netic moments. The electron, in addition to its spin moment has a mo-
ment of momentum and a magnetic moment due to its movement in its orbit.
The total magnet moment of the stom is the vector sum of a1l the com-
ponent magnetic moments, that is, the magnetic moment of the positive
chzrge spinning on its exis, thst of the negative ch:rge spinning on
its axis and that produced by the neg:ztive charge moving in its orbit.
The megnetic effect of the nucleus is of such a msgnitude as to be
negligible. When a rearrungement of the megnetic vectors occurs, the
bslance between the electric and magnetic forces is disturbed and as a
result the physical dimensions cen be observed to change.

These domains are assumed to be maegnetically saturated areas in
the ferromasgnetic body. The ecse or difficulty encountered in msgnet-
izing the body is depenaent upon the ease or difficulty with which these
saturated domzins may be rotated into the preferred direction.

Recapitulating the previous statements, the magnetic behavior of a
ferromegnetic materiasl depenas on the behuvior of the donains within
that material. If the domain is subjected to a magnetic field it chenges
its dimensions in adjusting to that field and similarly if the dimensions

of a domain are changed, its individual field is affected.



Footnotes

1. S. R. Williams. Joumal <f the Ortic-1 Society of prerica. Vol. 14,
pp. 223-408.

2. C. V. Burrovs. QUnited Stetes_of fmerica Nstional Buresu of Standards
Scientific Papers. Numb. 272, pp. 130.

3. Present Ststus of Ferromegnetic Theory. Transactions of the American
Institute of Flectricel Engineers. Vol. 54 (1935), pp. 1251-1Z2€1.
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APPARATUS AND METHOLOLOGY

The first equipment constructed to measure the magnetic properties
of the steel utilized a caual winding pancike type coil with the windings
at right angles to each other. The initial sir counling between the
coils was adjusted to a miniimum and the specimen wss placed in the area
common to the axes of both coils. The megnetic properties were measured
in relation to the effects on the mutual inductance between the two coils.
Several difficulties became appesrent soon after the equipment was set up.
The initial =ir mutuel was difficult to adjust to zero and because the
two coils were interwound, the capacitive counling between the windings
became large enough to be prohibitive.

The second piece of equipment prepared consistea of a solenoid with
tvo co-axiel windings with a fixed velue of initizl mutusl inductznce.
Agzin it was found that the system wes impracticel. The mezsurement of
mutual inductence reguired a multitude of bridge manipulations, msking
the system unwieldy. Since relatively smsll changes in mutuel inductance
were being measured, the percentzage of probable error becsme prohibitive
and the second system was discuried.

The ejuipment finally used consisted of a single solenoid placed
around the specimen. The inductunce was meusured with a Maxwell-Wein
bridge. (pg.1ll) With the single winding supported rigialy on the specimen,
it was possible to meusure the inductive and resi:ztive components of the

solenoid reactance with the specimen under loszd.
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The test solenoid (pgdZ ) was 0.5 inches long, hzd 50 turns of
number 22 formvar wire layer wound on & bakelite spool 2.5 inches long.
The inside diameter of the coil wzs .9 inches. The bakelite spool was
designed so that it could be slid over the tensile specimen and supported
rigidly on the support bushings with the solenoid directly over the re-
duced section of the swecimen. The inductance of the test solenoid in
free spsce was 107.29 microhenrys. The resistance at 10,000 cps was
0.30 ohms. The solenoid was connascted to the bridge by a parallel rubber
covered flexible cable.

The low inpedance bridge ana solenoid were used to prevent, as much
s possible, the influence of stray 60 cps fields on the system since the
10,000 cps field produced wcs itself of very small megnitude.

The passive arms of the b?idge consisted of two non-inductive 10.0
ohm resistances. The sdjustable erm of the bridge was a capaclty decade
paralleled by a resistance decade. The interconnecting wires of the
bridge were made of number 10 solid copper wire to prevent any varietion
of the distributed capacity. The bridge galvanometer wes a high impedance
vacuum tube audio frequency voltmeter. The source of the 10,000 cps
voltage was an audio freqguency generator with s low harmonic output.

The audio frequency generztor haa en out;ut impedaence of epproximztely
6000 ohms, whereas the input impeaunce of the bridge was approximately
10 ohms, 80 it was necessary to use a matching trensformer between them.
The matching traznsformer used was of oversize proportions to insure

operation with a minimum of distortion introduced by the trensformer.
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Bridge Equations

Arm impedances
Z,=R, /i+ jcRW
Z2= Ra

23 2 Rs + JWL
!1‘—'R4

For bridge balance the following equations must hold

L _ %
2,
or
B\ Z3=Z42g
Rl . ’
That 1
8 ("chm.)(RquLa)a RaRe¢

RiRs +jw L3R, =Rz2Rq +yw CiRiRaRy
Separating real and imaginary terms

R.Rg= ReRs
and

L3R| = C,RiRz R’
So that the resistive compounent R:%b s 'i':‘ ohms and the quadrature

component, [3€iRg Rg3100Chenrys. Therefore the reactance ¥a aw2108 C, otms

Accuracy and Error
In mcking the measurements of inauctunce and resistance of the
shecimens, the capscitive bridee element hed the largest calibrstion
error and wes assured to be the only source of error since the magni-
tude of 1its devietion was of the order of 3 percent, more than 10 times

the possible error of any other element. However, since the resulits were
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expressed in terms of ratios rather than ia terms of sbsolute units, s
large portion of the deviation could be expected to balance out and

become negligible as was evident from the consistency of the results.

Specimens

The specimens used 1a this work were first cut from a stock bar of
one inch diameter SAE 4140 steel. The chemicel enalysis of this steel
is carbon 0.373 percent, chromium 0.96 percent, molybdenum 0.21 percent
end nickle a trace. The test sections were then heat treatzd in pzirs
to the desired mechanicul properties, machined and the reduced sections
wvere ground to a diameter of 0.505 inches for a distance of slightly
over two inches, in accordence with the ASTM stendszrds. In order to keen
the insiae diemeter of the test solienoia as small as possible, the spec-
imens vere prepared with thresded ends. When completed, the specimens
wvere cged at room temperzture snd awsy from megnetic fielas for a year.

In testing the specimens, an sporoximete elastic 1limit for each was
determined ana the load divided into increments so fhat ten points on the
magnetic property curves could be determined. Since the deformaticn
beyond the elastic limit proceeded st a high rate of speed, it was impos-
sible to determine the megnetic properties after the elastic limit had

been reachea.



PRESENTATION AND ANALYSIS OF DATA

Analysis of the date for the specimens quenched from 1850 degrees
F(pg.17) indicated no significent difference from the behavior of the
specimens gquenched from 1750 and 1550 degrees F. An examination cf the
frzctured sections of the specimen in which grain growth was expected
sncwed thet there had been little if any gruzin growth. Inasmuch as the
steel used was an inherently fine greined raterial, this result should
not have been unexpected.

The influence of the drew tempereture on the megnetic prorerties
wes found to be guite pronounced. ¥or those specimens drewn at 300
degrees F.(pg.1l7), there was a point on both the resistivity end induct-
ance curves where the curves resched a m:ximum and then decr:zsed in
velue s the load was increused. The load at which this maximum wes
resched seemed to lie between 50,000 &nd 60,000 psi. for the three
quench temperstures used. The hardness on the Rockwell C sczle for these
specimens wes between 35 and 40. As the drzw temperature wis increased,
the tendency was for the maximum to occur at lower loads and for the
curve to flatten out slightly. The maximum, which mey be considered to
be the Villari reverssl point, for the specimens aruwn at 1200 degrees
arperred at aporoximastely 25,000 psi.

The fzct thet the resistivity and inductance curves psssed through
a Villari reverssl point at aporoxizately the seme load, indicated thsat
the rearrangement of the domsins effected the resistivity as well as the

permeability of the steel. The appearance of en increase in the resis-



7.

S S
;

YOS S SR

(¥

INDUGTANGE RATIO

= - ==RESISTIVITY RATIO



e - ‘ QUENCH- [750°F
DRAW — 1000°F
: SRS f r

PN SRR I, (SR | o s e

9 | | 40po0 80,00 | 120,000 | 160000
é T | TENBILE STRESS P8 e ey bito]
e———— RESISTIVITY RATIO ~——— INDUCTANGCE RATIO



T

S N 5 T N I e ! |
SRR NN N M
ﬁ N { . . N

H , I N .
O T u .“. - 3 . . ﬂ
1 . "
ﬁ ; X &
NSRS 3
M R . ‘ . . -~ .
Lo o 1 i
A T )

e e e e e — -

!

‘SUENCH = 1780°F °

USRS S

A

— INDUGTANCE R

————RESISTIVITY RATIO




tivity as the permeubility increased led to the postulation thct the
preferred direction for conductance in SAE 4140 steel lies &t & 90
degree angle to the direction of meximum permeability within the domain,
This effect was first described by Lord Kelvin in 1857.

The magnetizing forces present in the test solenoid were of smell
enough zegnitude es to be considered negligible. They vere of high
enough frequency so that their effect could have hed little or nothing
to do with the rearrangement of the cdomzins. The changes in the prop-
erties measured could be said to be due to the effects of stress on the
domeins. Since the load at which the Villari reverszl occurred varied
with the hardness of the materizl and seemed to spproach zeroc zs the
harcdness decreased, it was felt thet residuzl stresses in the specimens
might account for the varistion. To determine the effects of initicl
stress on the specimens, & set of specimens were fully stress relieved
and cycle loaded until there vzs no change in the properties from one
cycle to the next. These stress relieved specimens showed a steady
decrease In both resistivity and permecbility ss the lozd wes increesed
and as the tensile load was lovered, the properties increzsed to a max-
imum vzlue and then returned to the initial velue. This would indiczte
thzt the actual Villsri reversesl poiat for the material in the fully
stress relieved condition was in the comroressive quadruant. The reversal
points on the hardened specimens would seem to be due to the initizl
stress on the surface cf the specimen, a condition known to exist on
mertensite. Since the surfece of the specimens wus in compressive stress
initially, the applicetion of tensile stress would relieve the stress.

If the Villeri reversal point wes located in the compressive quadrent,

the mzterial would exhibit en increase in perme:bility and resistivity
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&8 the compressive stress was relieved snd the material pzssed through
the Villeri reversel point. Since the stress relieved specimens were
not martensite but were vearlitic in nczture it must be escsumed that the
mzgnetostrictive behrvior of martensite and pesrlite ere similsr for this
msterial, for the reasoning presented to be velid. It was possible to
aprroximete the denth of me. surement of the specimen using empiricsl
relations. Assuming a cermeability of 100 and a resistivity of 10,000,
the shell on which mersur uents were mzde vwes found to be 63 micro-inches
thick. The finish of the specimens was of the order of 32 micro-inches,
The me jor effect on the mzgnetic behsvior wes aue to the surface condition
end its finish.

The results arrived at in this work heve been presented in terums
of the ratio of the initial value measured at no external stress, to the
value a2t the losd being considered. Due to the compliczted magnetic
circuit, it was impossible in this case to present the absolute values
of permesbility and resistivity. However, since the actusl values changed
only a smell percentsge of the totsl value, the presentation in terms of
retios provided s very satisfactory picture of the behavior of the msterial.

The resistivity and permeability ratios were plotted against strain
up to the elastic limit in 211 but one csse. From the grzphiczl presenta-~
tion it wes possible to anzlyse the effects of the mechanical properties
on the megnetic properties,

Mechanicel herdness, chemical composition, grzin size and stress were
the factors considered in relation to their effect on the magnetic proo-
erties. In the snslysis, the chemicel projerties were centrolled as

closely &s poessible by utilizing one bur of steel froz which all the spec-



imens were cut. An attempt tc control grain size was mzde by introducing
conditions conducive to grein growth while heat trecting severzl of the
specimens. The xejority of the graphs presented were errsnged in quench
temperature groups, since the quench temperszture wee the major contrib-
uting factor in grzin growth in any given steel. Mechanical hardness was
also controlled by.proper heat treatment. The draw tempersture was variea
from that necessary to give the highest practiczl herdness to that value
necessary to give e relatively sof't conaiticn. It wes found thet some
fector wes not being controlled in the specimens znd in &n attempt to dis-
cover if the initial stress due to mzchining or cuenching was causing the
varietion from the results expected, s series of soecimens were stress
relieved. No mechining operztions were performed on these specimens after
stress relieving them. They were not lozded in the ssme mznner as the
previous sgecimens but were instead tuken through a series of load and un-

losd cycles.
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SUMMARY AND CUNCLUSIONS

The influence of the mechanicsl properties on the magnetic proper-
ties of SAE 4140 steel were pronounced and to a certain degree predictable
if compared with the properties of a similer materiel. The temperature
from which the material w..s quenched had little effect on the overall
behevior so that it would seem possible in certain controlled situstions
to utilize the magnetic behevior in the determination of the mechanicel
condition of & specimen.

The influencé of initizl stress on the specimen was found to be
quite significant. Since the magnetic examination was mezde to a depth
of only 62 micro-inches, the surface stress determined the behavior of
the megnetic properties. Hoving recognized the fact thet martensite in
foraction tended to develop couwpressive stress on the surface, a set of
specimens fully stress relieved were examined and evealuated. The results
of that evalustion indicated that the load at which the permeability and
resistivity reached a meximum wes actuslly = compressive load, in spite
of the fact that the reversel point occured in tension in the msrtensitic
specimens. (pg.2i-24)

The use of msgnetic analysis methodas for s»ecinens or materisls
under stress would seem to be feusible unuer certain circumstances. An
accurate esnalysis of results obtained from a me:netic anzlysis would
require considersble knowledge about the loading, making use of the
method something short of practical for ordinary testing of mctericls.

However, since the use of a high frejuency techniyue limitea the field



26.
penetration, it would seem logical to apply the methods presented here
for the measurement of superficial stresses on the surface of the material
in question, a difficult process using any other method.

It was assumed in this work that the magnetic properties of
pearlitic steel were the same as the magnetic properties of austenitic
steel. Thia 18 not entirely the case. An investigation of the behavior
of a series of pearlitic specimens heat treated to the same hardness
as the specimens used in this work would be of considerable value.

Further work in this field should be done since the effects of shear
stress, direct compressive stress, and the effects of machining were not
completely investigated. A series of tests made on torsion specimens would
help establish the influence of shear stress on the magnetic behavior.
Further verification of the location of the Villari reversal point should
be obtaeined from a series of compressive tests. The influence of mach-
ining or surface finish could be determined while running the compressive
tests. The specimens heat treasted should be in a semi-finished condition
to eliminate as much as possible the influence of machining stresses,
and to ellow closer correlation between the quenched condition and mech-

anical properties.
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|17, 000] 85,000 3.3003] ,s56 ¢8| 9.845| .983 .994
|
20,000} )00, 3.2680) /156./19 | 9.814 ¢ .99/
3.29¢8] /ss s8] 9.775°] 966 987
i —L—
7#,000| 3.2057] 154.29] 9.726

Quencn- 1750°F »

Oraw - 1000°F



LoaD | sTREss, Ra L J-'WI Xa Ro/R | Xo/X ]
o o l3.9557 |/570€ LJJ?O /.0 l.0 4
| 2,000 /0,000 |3.378¢ |152.6) | 9.907 | /).007 |/.00f
| 4,000 |20,000 |3.4/3%0 |158.27 | 9,94¢ |/0/7 ).007

8,000 |40,000 |3.383¢ |/57.77 | 9.9/3 |lor0 oe¥

974

Quenen - 1850°F »  Draw — 1000°F



110,000

3.8076

L.P"V .! ,;:l Ro/R Xo/X
| [7s0.4¢ 3.4::4ﬁr 1o o |
Ez'“q"'“' J.19¢2 | /1s6.95] 9.98¢4 | 1006 | 1.002
H;S,ooo 25,000 | 3J79¢ l.sl.tﬂ‘F 9.5281).01€ | /.00
| 7,000 | 35,000] 3.1¢0¢ | )st.85| 9.5/6 | ).013 | 1o0?
L’%“‘ 50,000 i»i/f&? lsl.o.aismj/ l.00€ | ; 00¢
| /2,000 | Co,000 | 3 398 )60.95 J.40¢ 1.003 /.oo‘yJ
_’*;0“ 70,000 |3 7260 | ,50.75 9.?724& l.000 | 1002
/7,000 | #5,000| J.105¢ | )50.24 9,1.0#..’944&0»
] 20,000]/00,008| 2.09¢0| /50.3¢] 9.447 | .99) . 999

Quenen - 1750°F

Lony X A Ro/R Xo/X J
/s6.3| 3.447 |/ o /.0
i — i 1
150725 | 3.472 ]| 1.06¢ | t o003
L# /S/)o5 | 3.491 |/.6/3 |/ oes
g
7,000 135,600 3. 2051]/56.95 ]| 9.984 | L. o/0 |/ e0¢
/0,000 | 50,000 3,/049 |1S50.85]| 9.478 |/.003 /.oo,’dI
/2,000 30,000 J.174¢6 |/S50.75] 9.972 | 1.000 |/, 00)
In.,ooo 70,000 | 3,/¢4C | 150.85]| 3. 459 | .99 |..00/
el | -+
.387 | .999
i .98¢ 1.59

Draw -/200°F



N
¢
.

147.

yﬁl
7

——

]
a.

1 48.

18

B8s,000] 3.0395

22,00 o

/00,000 $.0303

147.48] 9.266 | . 99/

QuencH - 1850°F , DaAw - [200°F



4.

140,97

9.3¢0

199.17 | 9.373 | -29¢ | le0/
-+ = |
1«,97 3.3¢o| .92/ | 1o
/198.¢7 3341T 572 .asﬁ
14847] 9.3¢/].9¢2 | 992
/#847] 9.3¢/) 966 | .99¢
3’3’74 9¢¢ .99 I
9.39¢ | .96¢ |.

9.3¢7] .

.39/
199.2¢ | 3.¢/0
/50.2€6]19.4¢] 9yt |/.009
156.36] 3.¢¢7 |, 99 1.609
/50-3;.IF 9.959 |.99¢ |7.027
)]S$S6.5(]| 9.4¢0 | .99 .07/
)s50.9¢|9.25¢ | .ooeo |).er0
950.26)]| 9.4¢4) ] .99% | 1.009
-

14’.37T9.375

STress Fecievep ~ va"l



/¢, 000

N

FEEEREERRRE B
"o

’) (X ]

N
S
e
[

9.%50¢]| 952
3.006 | 199.47] 9.329] .9¢3 .997

3.70C | /99,672 | 9.3¢6 | .9¢9 [ ,ool

(12,008 [es,000 | 3135 [ 1e9.56] 5.397] 977 | 1ot
p1ss | 150.0¢| 3425|584 | ro07

0,000 [40,000 | 2.175 re0.2¢| 9441 ] 391 | ro0s
[ ccoeelse cee)

2195 | 150.35] 9,497 992 /.009

mm F LN o lso.zil 3.4ﬁ997 ].009
m-le,ooo

3./99'}1"'7‘ 9410 | 997 | 1.005
_ .

— 4t . e
./ .00
L o]. o] a5 ] 14277 9.575] 991 | se07]

Srweess quewg ~Ronw £2

‘§'




LoaD _ | STRE RA Loowy X A ROIRTXo/X B
- o | 3/75 | 149.17] 2373 .93/ l.00)
(2,000]10,000] 3,145 | 199.67] 9,341 | .99/ | 03¢
(4,000 |20, 000] 3.725 | 19¢.53] 9,355 | 977 | 957
mm JtS | 1¢42.32] 9.325 ]| .972 |.989¢
mm 3.096 | |)#8./2)| 9.3/0 | 96€ | .95

1 -
m 3.09¢c | /4€./8)| 9.310 | . 9(6 9,.,-#
resa]co.oee | 2.0¢¢ [1790¢| 9,307 3¢5 |.53¢
3.077 |147.9¢ [9.29¢ | 93¢0 |.993
76,000 #0,000] 2.0¢7 127,57 9.297 | 357 |.932 i
/18,000 | 30,000 | 3.05¢ %/ﬂ.fl’ 9.292| .95¢ | s9%5
16,000 |0o,000 |3.0FC | 142,39 | 9.323|.9¢3 ,QSCﬂW

14,000 | 70,000 | 3./06 |/98.97 | 3.360 |.969 /.m:»ﬁ
12,000 | 60,000 |3,/35 | /99.5¢ 3.337#.97¢ leos
3145 |799.26 | 9.410 |.9€7 |l00s

0,000 |$0,000 | 2775 | 150.06 3.¢29 |.99/ ].00?
mm 7.185 |)s0./6 9.43} .994 |).002
m 20,008] 3.795 |/)s0.06 0.929 |.997 l.007
m 3.105 |799.¢¢ | 9.903 | 99¢ 1.005
o ol3.075 [149.17 |9.373].991 |1.001

STREss Rewevep » Run 43
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