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ABSTRACT

Two sample rods, one of HY100 steel and the other of

-YHY130 steel, were tested as to the effects on susceptibility

and magnetization of cyclic stress. An apparatus was built

for applying cyclic stress of two amplitudes, approximately

fifty and one hundred microstrains, as measured by resistance

strain gage bridges. A circuit was built to measure changes

in magnetic induction using an induction coil and a magneto-

meter probe. Results showed an increase in initial suscep-

tibility for both rods, as well as an increase in the change

in susceptibility with increasing field in the presence of

cyclic stress. The HY130 sample's susceptibility was higher

than that of the HY100 in all cases. The slope of the normal

susceptibility with field, or Rayleigh coefficient, was mea-

sured for each steel, and these were compared with the slope

of the normal initial susceptibility with strain amplitude to

determine the fraction of domains responsive to stress. The

calculated value of this fraction was .55.

In addition, long-term effects of cyclic stress on map-

netization were studied. An increase in magnetization in the

presence of a field, related to the log of the number of cycles,

was observed. The change of the magnetization with the first

cycle of stress was found to be large in comparison to changes

which occurred through subsequent cycles. Continuation of

J vibration for several months is now seen as adequate to pro-

duce comparable first cycle and long-term effects. Thus, a

model for changes in magnetization of Navy ships with time

has been established.
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FPREFACE

The research included in this report is a contribution

to Project Linear Chair, originating at the David W. Taylor

Naval Ship Research and Development Center. One objective

of that project is to develop methods by which the magneti-

zation changes of a ship during turns, dives, and voyaging

may be predicted and through this, methods for compensation

produced.

The objective of this project has been to concentrate

on the area of voyaging or, in other words, movements of the

ship other than turns and dives. In particular, the area of

vibration is dealt with; vibrations caused by shipboard machi-

nery, waves and the like.

Prior to this research, the effects of static stress

had already been investigated, with the result that magneti-

zation changes were produced by varying strain and magnetic

field intensity applied to steel rods. Results from this

project, then, will show the changes in permeability and

magnetization in ship steels produced by cyclic stress
(vibration) in the presence of magnetic fields.

*iM
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CHAPTER I

BACKGROUND

The objective of this project was to discover and

measure the changes in magnetization of ship steels due

to vibration. If these changes can be predicted, it may

be possible for a ship to perform certain maneuvers which

could bring the ship to a well-known magnetic state,

thereby making its magnetization controllable.

The effects addressed within this paper are those

due to voyaging, including those related to internal ma-

chinery and external waves, as well as those related to

lightning, violent sea states or collisions. Voyaginr [
includes all magnetic effects on a seagoing vessel other T
than those from diving.

There are two types of voyage effects. The first

is thermal relaxation, which will be addressed briefly.

The second, and the one with which this project deals, is

those effects which are of an environmental nature; spe-

cifically, those effects due to vibration. Both of these

voyage effect types are very much time-dependent, with

time constants ranging from seconds to months to years.

This project addresses only relatively short time periods,
with indications for extrapolation to much longer periods.

The effect of vibration in a weak field, such as

$
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that of the earth, was demonstrated by Cilbert nearly

400 years ago. A bar of iron was magnetized by ham-

mering it while in the presence of the earth's magnetic

field. The magnetism remained after the bar was removed

from the earth's field unless the magnetism was removed

by more tapping or by applying a stronger magnetic field

of the opposite sign (1). A steel ship, then, is magne-

tized in a similar manner when it is built. The last

"in-depth" research in the field of vibration magnetics

was published in 1892 by Ewing. His premise was that vi-

bration of soft iron decreases the hysteresis effects

normally observed (1). In order to have an understanding

of tis theory, the magnetization process must first be

explained.

First, consider an unmagnetized sample of ferro-

magnetic material. If the magnetic intensity, H, is

increased f:rom zero, the magnetic induction, B, will

increase as well. The B vs. H curve created by this

*process is called the magnetization curve of that par-

ticular material. If the magnetic intensity, H, is then

decreased to zero, the B vs. H curve does not follow the

curve originally established. A reversed or negative

magnetic intensity is necessary to reduce the magnetic

induction to zero. By increasing H in the reverse

direction, a symmetry with that in the positive direction

is established. When H is again increased in the forward

directior a loop is completed. This entire process isI

!j-
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shownin Figure 1 (2). This, then, is what -

Ewing refers to as the hysteresis curve, the

word hysteresis coming from the Greek word

meaning "to lag." In other words, magnetic

induction lags the applied field (3). V

The maximum value of the B-field Figure 1:

shown in the figure indicates saturation net], ,I,.,,., ,h,,,,,t,,

magnetization, Ms , and the negative field "

required to bring the induction back to zero after

applying thatfield is called the coercive force,

Hc (2). The coercive force for the ship steels used

for these experiments is approximately 9.3 oersteds.

The graphical results also show that the B vs. H

curve for increasing magnetic intensity is entirely

different from the B.vs. H curve for decreasing mag-

netic intensity.

Ewing found that if a piece of soft iron was

tapped during the applicati n and removal of a mag-

netizing force, the susceptibility, or increase in

magnetic moment caused by the application of a field,

increased when the field was applied. When the field

was removed, the tapping reduced the ability of

the iron to retain the magnetization. In other

words, the vibration allowed the magnetic domains

more freedom of movement than they normally have (i).

Vibration, then, makes the steel respond more easily
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to processes which tend to change its magnetization.

Many years ago, this phenomenon was described on a

molecular level, stating that vibration produces periodic

displacement of molecular centers, thereby causing the

"molecular magnets" to oscillate. This effect allows the

molecules periodic freedom of movement. If an external

field, such as that of the earth, is then applied, the

molecules yield more readily to it during the moments of

freedon, and residual magnetism is reduced. This descrip-

tion is helpful in depicting the types of processes which

occur, but it is now known that magnetic domains, rather

than molecules, are responsible for the changes described.

The effect mentioned above may occur even in the absence

of an external field, although it is slight (2).

Ewing proposed that by removing residual magnetism, or

*remanence, which is that amount of magnetic induction re-

maining after the H-field is decreased to zero (see Figure 1),

the vibration acts first in small areas, such that rema-

nence is decreased in this area. This area, then, pro-

duces a demagnetizinp field around itself. In a similar

manner, the demagnetization of a long iron rod begins at

I the ends, where there is a self-demagnetizingp field, and

then moves toward the center (i). Ewing's predictions,

however, were only qualitative. In this paper, experi-

mental analysis of these effects will be presented.

3 Although little work has been done during the 20th

century in the area of vibration effects on magnetism,

much research has been done in the area of static stress

I
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10 U
effects on metals, including steel, as well as the mag-

netic equivalency of mechanical stresses and applied

fields. In order to have an understanding of the methods

used for the analysis of vibration effects, it is neces-

sary to become familiar with the concepts behind prior

research.

In the !940's William F. Brown, Jr., performed re-

search at the Naval Ordnance Laboratory concerning stress

effects on magnetization. It was found that when a steel

specimen is magnetized at a small magnetizing force H, and

then subjected to a small tension cycle, magnetization in-

creases upon application. This increase is proportional

to the slope of the permeability, ., vs. H curve (see

Figure 2, next page) (4), and remains at the new value

when tension is removed (5).

Brown found that stresses which affect ships are mag-

netically equivalent to small fields. This analysis is

determined by the theory of domain wall displacements.

This theory indicates that jumps of "walls" within metals

respond to various amounts of magnetic force or stress.

The domains present within a specimen are induced

by the strain of grinding the surface durinp formation.

The size of the domains is independent of the shape of the

specimen, and the stable domain structure is formed in a

manner which minimizes the total energy of the specimen.

For example, in cylindrical iron or steel specimens, such

as those used in this experiment, the magnetization ave-

raged over the x, y and z domains points parallel to the

I!
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long axis of the specimen, because the normal com-
ponent of magnetization would otherwise induce free

poles on the side surface, riving rise to a large

magnetostatic energy. This energy is defined as

Sthe energy due to the Qulomb-like (i/r ) inter-

'4 action between magnetic free poles and tends to be

minimized, as stated above, at equilibrium (2).

Brown investigated the theory of domain wall

displacement in the following manner. A rod made

of soft iron or steel has field, tension, or both

I
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applied uniformly along

its axis. The specimen

consists of crystals with _ .

randomly oriented axes. 3 I,, ii

The crystal domains,

then, are saturated along one of the "directions of

easy magnetization" for demagnetization; in other

words, in the (i00] direction (5). This implies that

there are six "easy" directions for cubic crystals.

Therefore, a field of 1 6ersted or less is required

to change magnetization along these directions, while

a field of approximately 500 6ersteds is required along,

for example, the (1I1] direction. Noting tiis, there

is obvious anisotropy in the energy necessary for mag-

netizing the crystal in a given direction (6).

In addition, the more favorably magnetized do-

main, which is the domain whose magnetization vector

is closer in direction to the tension or magnetic force,

grows at the expense of its neighbor. There are three

types of domain walls. 1800 walls are those with spins

which rotate 1800 in passing from one domain to the

next one. Similarly, 900 walls are those which rotate

900 in passing from one domain to the next. There are

two types of 900 walls, however, positive and negative,

each rotating in the opposite direction (see Figure 3)
(2).

'4

] -2
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more favorable magnetized do- / 0

mains and can therefore be .,
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magnetic force, while 1800 111,gi i,,g (Uskv; (:.k.'s 1. IM, vl. ' . , h C . .
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thernore , both reversible and ,ill +,1 - ho - l J1 Miil l

Fihrure 4 -- Averape behavior

irreversible displacements of of Domain Wall Types

900 walls are observed. Figure 4 shows the three

domain wall types divided into classes,

Class A -- displacement of the same sign
under positive tension (90' )

Class B -- unaffected by tension (1800)

Class C -- displacement of the opposite
sign under positive tension (900-)

In the figure, tension is equated with hydro-

+ static pressure and the effect on domain wall dis-

placements is represented graphically for each class

of wall. The reversible part of the magnetization

for the Class A and C walls is XoH, where X is the

initial susceptibility and H is the applied field.

II The removal of the tension causes no change in the

susceptibility. For this project, the chanpe in

susceptibility for repeated tension cycles and the

3 irreversible part of the magnetization are measured.

In Brown's research, it was found that the first

3 of a series of equal shocks, either magnetic or

*1
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mechanical, produces 90% or more of the total change in

magnetic induction (,B) in varying fields. In the small L
field range, Brown hypothesized that the first shock would

produce 100% of the change, but no quantitative data has

been found (5).

The results of this previous research, then, can be

used to roughly estimate the effects on a ship when it is

subjected to normal mechanical disturbances. However, the

earth's field experienced by a ship's steel is within the

small field range. Therefore, quantitative analysis of

the effects of stress cycles in this small field range is

needed and is addressed in this report.

Brown states that in the case of a specimen with a

negligible and constant demagnetizing field, with the spe-

cimen initially demagnetized, the initial rate of rise of "

induction depends on the frequency of shocks of all ampli-

tudes. The final value is approached asymptotically and

is dependent solely on the frequency of the largest shocks.
I!

In this project, frequency-dependence will be analyzed for

repeated stress cycles of small amplitude, rather than for "

what Brown refers to as shock (5).

In 1957, Neel addressed the effects of repeated field

cycles. His theoretical calculation of these effects was

confirmed experimentally by Van Danf in 1959(7).The theory

states that a sequence of increasing and decreasing fields

always causes hysteresis loss. The principles which govern

the changes caused by this process are Rayleifh's Laws.

These laws are only applicable within the Rayleigh region.
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This is the region where n

the maximum magnetic field n 0applied is less than appro-

it 1 400 -

ximately one-third of the

coercive force, Hc .  /

However, when H is of /

the order of Hc, it is found

that changes in magneti- 200 /

zation become dependent

on the number of cycles. /

Figure 5 shows the effects

of cycling "n" times be-
0"H

tween H=O and H=H c for a c H
|;, ,i.'~~~la li :i l il , rI ' ,lh, l it,, v" ' 1 ):Iig Ji.;] t.

steel specimen. This par- Whil. .: , I, ag. . . l ,.1 I , -I ,
t elil-iti,,,i' f 17' *. i ; (

ticular steel specimen had Figure 5 -- Magnetization curve

a coercive force of 13.8 dersteds (6,7).

The main effect is that for large n, both ends

of the loop move together to a higher magnitude of

magnetization with a (log n)k dependence, derived

by rNdel (8). This process is called "reptation" or

"creeping." Reptation was found to be very small

for cycles of amplitude less than *Hc and was assumed

to be negligible for fieldswithin the Rayleigh region.

In this report, the effects of stress cycles as

opposed to field cycles are discovered. Similar

results again indicate the equivalent effects of

II

.. .. :1Z 1 l l~
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stress and field (6).

The final area to be addressed is that of time effects.

Charles Kittel's "theory of long period magnetic relaxation"

was developed through experiments using a mild steel specimen

subjected to various stresses while in a weak magnetic field

of approximately 0.5 Gauss. When the applied field is

changed, the magnetization changes in proportion to the

susceptibility and demagnetization coefficient of the spe-

cimen (9). However, a certain amount of time is required

for the magnetization to reach its final state. This lag

has been called "magnetic viscosity," "magnetic after-

effect" and "Nachwirkunp" (15). This effect is associated [..

with the rapid migration of impurities within the steel in

the presence of an applied field and thermal oscillations (10).

Two of the time constants Kittel discovered were of the [
order of three months and five years. These are important

for analysis of magnetization changes in ships, but are

not analyzed in this work due to time constraints. However,

Kittel also discovered that there are magnetic relaxation

effects in iron with time constants of minutes or less, I
with which this pr6ject deals (9).

As stated earlier, when an H-field is applied, pres-
I'4

sure is exerted on domain walls by strains at wall boun-

daries. As the internal resistance or opposition to this

force relaxes with time, the wall slowly moves further out, ""

increasing the macroscopic magnetization to the equilibrium
poiin.Ti process may occur toiscompletion, as i

Kittel states, in any period of time from seconds to years,

poiin hs rcs a ccrt t omltoa
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with the majority of the change occurring in a relatively

short time (9).

Snoek, who also studied time effects, found that at

low temperatures (room temperatures) and under ordinary con-

ditions, the changes which are time-dependent are not de-

tected because they occur too quickly. In addition,

through magnetization, any changes in susceptibility are

nullified and the susceptibility returns to its original

value (ii). One objective of this work, then,was to see

if any of these time effects could be observed during or

after the experiments conducted.

The purpose of this section has been to introduce

the reader to the many aspects of magnetization which con-

tribute to the voyage effect, and to summarize the work

completed in this field up to the present time. Little

quantitative or experimental analysis is available in the

area of cyclic stress in small fields, and this project

investigates that subject, Research in this area is vi-

tally important for analyzing changes in the magnetization

of naval vessels with time.

I
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II. THEORY

During FY1978, in conjunction with the David W. Taylor

Naval Ship Research and Development Center, Annapolis,

measurements were made to determine the relationship be-
tween induced and permanent magnetization, in sample rods

made of ship steels, due to changes in applied magnetic

* 'bfield, H a, and static strain, 6, along the sample axis.

The theory used for these testsis the same as that used

for the present work(4), with some additions.

2-1 Field, Susceptibility and Induction

For the experiments, a current passes through the

coils of an end-compensated solenoid enclosing HY100 and

HY130 steel sample rods. The field applied, which is

uniform within one per cent over the sample, is equivalent

to that of an infinite solenoid with a single layer of the

sane diameter wire(4):

H a=i/d 2-1

where i is the current and d is the diameter of the H-coil

wire.

The field within the sample is decreased from the field,

Ha, created by the solenoid by the demagnetizing field, HD,

where:

HD DV 2-2

where D is the geometrically determined demagnetization

factor of our rods(approximately 1/400) and M is the magnet-

.7- i
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ization density within the sample.

The magnetic induction,B, can be expressed in terms of

the net field, H, where:

H=Ha-HD 2-3

and the material relative permeability, i, defined below,or

in terms of the applied field, Has and the effective permea-

bility, A eff

B= )j PJoH= Peffp oHa 2-4

Since,

SB= 0 (H*M), 2-5

*the component of magnetic induction due to the magnetiza-

tion density, M, can be expressed in a fonnsimilar to

equation 2-4s

*M" effHa= XH 2-6

where ) eff is the sample susceptibility and , is the

. material susceptibility. It follows that:

I ] ,eff = eff +1 7

1and,

I=X+1. 2-8

From equations 2-2 and 2-4t

H=H -DM 2-9
a



20

and from equation 2-6:

H=H(1- XefTD)* 2-10

Therefore, from equations 2-4 and 2-10s

- effHa/H- eff(1 - effD), 2-11

and thus, the material susceptibility is: 

= J-i()(ef + )/IXeffD )-I

=eff(l+D)/(l- XeffD) 2-12

where for our rods D < 1 and therefore:

X O'eff/(-X(e ffD) "  2-13

The induction, B, of the sample is sensed with a [
pick-up coil around the sample rods, which are centrally

positioned within the H-coil. Because the B-coil wire is .

wound around the samples themselves, no airgap correction

is necessary. From Faraday's law, a change of flux,#,, in

the B-coil produces a voltage: [
VB=NB (d#/dt) 2-14 [

where NB is the number of turns of wire around the smmple

steel rods. This voltage is integrated, and thermfore,the

change in flux is calculated in the following manner:

d O/dt-A 40M,/RC 2-15 -

where,
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A=B-coil pick-up area
M 0 =permeability of free space

M=residual magnetization density
RC=integrator time constant determined by

a fixed capacitor, C, and a variable
resistor, R.

Using equations 2-6, 2-14 and 2-15, the effective

permeability can be calculated using the definition of

the magnetization density%

M1 effHa=RCVB/NB M OA 2-16

and therefore:

e ffRCVB/NB OAHa. 2-17

It follows from equation 2-7 that the sample susceptibility

is:

eff(RCVB/NB OAHa)1. 2-18

Using this equation and equation 2-13, the material

* susceptibility can be calculated for the experiments.

2-2 Strain Gages

In order to measure strain, strain gages were applied

directly to the rods. A strain gage may be considered to be

a pattern of N fine rods of length L, width w and thickness

t, connected by fat rods of negligible resistance. The

resistance is calculated to bet

R= pNI/wt 2-19

where p is the resistivity of the strain gage material.Il
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AXIAL HOOP
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Figure 6 -- Strd in Bridge Circuit Diagram

When the gage is strained, its dimensions become:

(a) L'=L(l+ 6)(b) w'=w(1- Mp) 2-20

(c) t'=t(i- TOE)

where E is the axial strain and o; is Poisson's ratio.
Thus, for small changes:

j AR/R=( A1I/L)-( Aw/w)-( At/t)+(Ap/p)

= E (1+20p)= Fg 2-21

' where F is the strain gage factor(13).

Since the resistance change is approximately a part

per million for microstrain measurements, a Wheat stone

bridge is used for these measurements(see Figure 6).

Two axial gages and two hoop gages are mounted on

opposite sides of the cylindrical samples and wired

such that the transverse strain associated with Poisson's

ratio increases the offset voltage from hoop stress, but

cancels voltages from bending. The resulting bridge
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factor, which is defined by the equation for strain-induced

offset voltage:

AVVoFbrFg 6 2-22

where V0 is the externally applied DC voltage and Fbr is

the bridge factor, is then(17),

Fbr= (1+ ()/2. 2-23

When the rod undergoes strain alorgthe axis, the effects

of bending must be considered. Bending creates a torque

causing large local strains, which may adversely affect

the correlation of strain with strain effects. It is found,

however, that as long as the rod is not buckling, the

bending effect is much less than the uniaxial strain

measured by the gages and therefore needs not be considered.

2-3 Rayleigh's Theory

The theory which most directly relates to the objec-

tive of this project comes from Rayleigh's theory. Rayleigh

*i investigated the changes in susceptibility due to applied

fields within the Rayleigh region(< 1/3 Hc). His plot

of susceptibility vs. H-field is similar to the permeability

vs. H curve of Figure 2(see Figure 7, next page). Here,

differential susceptibility is defined as the change in

magnetization with change in field. Because of this, the

area under the curve, or the integral of the susceptibility,

is the change in magnetization. The effective field due to

stress and field is:II
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a eff=Ha-±H 2-24

where Ha is the applied magnetic field and He is the

effective field due to stress. This means, then, that

applied stress is equivalent to a field ih its effect on

magnetization and susceptibility(14). According to energy

density(lO):

PoYsH, =(3/2)A s -Y 2-25

where is the saturation magnetization and A is the

saturation magnetostriction and Y is Youngts Modulus.

Figure ? shows that when

the field increases, the sus-2R
a, ceptibility increases linear-

R ly. If, at point a, the ef-

--- . fective field is then decreased,

theory states that the magneti-

zation decreases by the area

Figure 9 8 uI I F under a curve which begins
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at H=O and increases with a slope of one-half that from the

originally applied field. The initial slope is 2R, where R

is Rayleigh's coefficient, and the reduced slopeis, as stated,

one-half of that or R. Thus, all of the "reversible"

magnetization is lost upon removing the field H, while

half of the "irreversible" magnetization is lost, leaving

a magnetization at zero field called "remanent magnetization,"

Mr

The resulting M vs. H curve is shown in Figure 8(previous

page). Here we see a hysteresis curve and the remanent

magnetization due to H. The reduction by one-half in

curvature as the field is reduced is also apparent. The

remanent magnetization was derived by Rayleigh to bet

Mr =RH 2-26

If,after applying a field, stress is also applied, the

180 degree domain walls are not affected as stated earlier.

The 90 degree(+) and 90 degree(-) walls are affected, but in

different ways. The 90 degree(+) walls experience an increased

field; the 90 degree(-) walls, however, change on magnetiza-

tion as if the field were being decreased, or a negative

field were being applied. The result, then, is just as was

4described earlier; the 90 degree(+) walls add to the magneti-

! zation with a continuing slope of 2R, while the 90 degree(-)

walls reduce the magnetization beginning again at H=O with a

1 slope of R, as shown in Figure 9(previous page). Here,

f and f90 -- represent the fractional portion of domain

go+. . . . . . . .- ~,
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walls which are 90 degree(+) or 90 degree(-), assumed equiva-

lent.

The resultant magnetization is then derived by theory to

be:

M(H,6)-M(H)=(2RHH 6  2R)fgo +  2-27

It is the purpose of this project, then, to investigate

a similar result when stress is applied and also released

in tension/compression cycles. The next section will

describe the experiments in which the theory described j7
here is applied for analysis of 

the data taken.

i
'i

If!

I 33
, F?

r'.
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III. THE EXPERIMENTS

The experiments were carried out with two sample rods,

one each of HY100 and HY130 ship steels. Each of these rods

was one centimeter in diameter and approximately thirty

centimeters long. Each rod was wound with 1010 turns of

fine insulated wire to create the B-coil. The number of

turns was checked by calculating the theoretical resistance

and then measuring it using the voltage measured across the

wire ends.

3-1 Strain Gages

Strain gages were applied directly near the ends of the

rod samples. The gage factor, Fg, was defined by the manu-

facturer to be 2.00 within one per cent. Stress is defined

to bet

"= F/A 3-1

where F is the force exerted uniaxially on the rod and A is

the cross-sectional area of the sample. This causes strain,

E = Al/l= T/Y 3-2

where 1 is the length of the sample and Y is Young's Modulus
(2.0 x 1011 N/m2 for steel).

I From the theory, the bridge factor is defined by,

3 Fbr= (1 + Tp)/2 2-23

where pis Poisson's ratio for steel(0.290).

:1/
~zuzzz
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Therefore,

Returning to the original equation, the difference be-

tween the voltage with and without force applied can now be

calculated:

AV=VoFbrFg 6 2-22

The strain gages were calibrated using a known DC uniaxial

load of 100 lbs. The applied voltage, VO , for the calibration p
was 7.7 volts, resulting in an expected AV oz" 6.2 microvolts

per kilogram or 2.81 microvolts per pound. The inaccuracy in

measurements was approximately five per cent.

The sources of error were investigated and the major con-

tribution was found to be voltage drift. With an input of

7.7 volts, the output voltage was measured as a function of

time. The results were plotted and a time constant of approxi-

mately fifteen minutes was measured. This result indicated

that measurements of strain voltage should be made after a

4 period of time greater than fifteen minutes or simply as

finite changes in short time periods. The second method was

used for the remainder of the experiments. In addition, the

function generator and X-Y plotter were calibrated, yielding

an uncertainty of approximately one per cent each.

3-2 The Circuit

The integrator, for integration of the B-coil voltage,

was then constructed. The integrator was calibrated in order
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Figure 1.0 -- ItTEGRb.,TQ CIR L!EBPIO
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to find the proper value of the capacitor used, with a4 * manufacturer's stated value of .999 microFarad. The integrator was

oalibrate. asing a ten millivolt DC input and then a one Hex1

AC input. Using several values of resistance across the

integrator, the relationship between the resistance and the

time constant, RC(in milliseconds), was plotted for both of

these calibrations(Figure 10). For the ten millivolt DC input

(A), the capacitance(slope of R vs. RC) was found to be

3 1.013 microFarads. For the one HeA4 AC input(s), the
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of Strain and Magnetic Field

capacitance was found to be .913 microFarad. Considering the |

accuracy of the equipment used for this calibration, it was

decided that a value of one microFarad would be used for the [1i
capacitance of the integrator. In addition to the capacitance

ii measurement, the intercept of the resistance axis was used to

estimate the internal resistance of the integrator. The in-

ternal resistance was found to be less than 300 ohms, which is

I small compared to the ten k-ohms applied resistance used for

the experiments, and it was judged negligible.
~Following these calibrations, the circuit was constructed

~for measurement of initial permeability of the samples, in

T_ +

i . . . . B • . . ... . . .. ..ATO R
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order to confirm previous measurements. Figure 11(previous page)

depicts the circuit used for this calculation and for subsequent

experimentsi

From the theory:

eff=(RCVBdH/NB iAB) 2-17

The current through the H-coil is measured by taking

the voltage, VHO across a precision one ohm resistor.

Equation 2-5 therefore becomes:

P ef= (RCR1 dHVB/m rB NB MOVH) 3-3

where R1*1 ohm. Thus:

)1eff=3 5 .01 VB/VH 3-4

Therefore, by measuring the integrated B-coil voltage and

the voltage across the precision one ohm resistor, the effective

permeability can be measured.

1 -3-3 The Magnetometer

J From previous experiments, the permeability of HY100 is

- approximately 80 and that of HY130 is approximately 100(4).

Therefore, it was possible to confirm which rod was made of

which steel type. In order to determine the permeability in

the absence of an offset field, it was necessary to place the

sample rods in zero field, which was accomplished by first

removing all apparatus from the table to be used for the

I experiments. A Schonstedt Heliflux Magnetometer was then

used to find the orientation perpendicular to the localI
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Figurel2-- EARTH'S FIELD ALONG THE APPARATUS "
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magnetic field and then the H-coil and B-coil were placed

parallel to the probe. A variation of approximately -50

gamma(1O-9 Tesla) was experienced from day to day and changes

of +5 gamma were experienced when metal doors along the

laboratory corridor were opened or closed.

The magnetometer was also used to find the characteristic

field along the apparatus(Figurel2). These measurements

were taken along a straight line parallel to the probe's

zero field orientation. It was found that objects containing

iron affected the magnetometer reading at distances closer
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than five feet from the probe, but otherwise the effect was

negligible. In addition, it was discovered that an iron

support column stands beneath the floor near the table where

measurements were to be taken. This made the laboratory less

than ideal for magnetization experiments, but it was sufficient-

ly far from the table so as not to be detrimental to results.

All objects containing iron were placed as far from the

apparatus as possible for minimal effects. The center of

the B-coil, as well as the sensor element of the magneto-

meter probe, were secured at the zero point depicted in

Figure 9.

3-4 Demagnetization

The next step wds the demagnetization of the samples.

There are two methods of demagnetization. In the first

method, the specimen is heated to a very high temperature

and then cooled in the absence of a magnetic field. In

the second method, and the one used in these experiments, the

* specimen is magnetized by an alternating magnetic field and

then the field is gradually decreased to zero in amplitude.

This method decreases the size of domains in order to reduce

the magnetostatic energy. This process would continue to re-

duce the domain size except that a certain amount of energy

is necessary to form the wall between domains(2).

It was found that the demagnetization proceeded more

effectively when the frequency of the field of approximately

4000 amperes per meter(50 6ersteds) was slowly increased from
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Figure 13---Vibration-Simulation Apparatus
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two to thirty Her before the amplitude of the field was

decreased to zero. Fine adjustments of the DC offset within

the function generator were also necessary in order to

precisely zero the average field along the rods.

3-5 Vibration-Simulation Apparatus

The next step was to complete construction of the non-

magnetic apparatus which would be used for simulation of

vibration and to mount it on the table within the laboratory.

Figure 13 is a simplification of the apparatus used. Small

pins set off-center on the wheel,slide in the slot of the

r
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Figure 14-- STRAIN US. DRIVE ANGLE(HYI9)
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lever arm on the left. As the wheel is turned, the rotary

I motion is converted to transverse stress at the bottom of the

it J linkage. The bottom of the linkage is secured to the base of

the apparatus with a pin. The sample rods are inserted be-

tween two brass rods within the H-coil. The brass rod on

base of the apparatus. The sample, thenis secured to boththIigtisfxdteu ely eyl pins hhes hrougth

brass rods using stainless steel pins. The brass rod on the

left is attached to the linkage with a stainless steel pin.

lwe

. . .. .4 . . . .. . . . . . . .



36 V

Figure 15--STRAIN US. DRIVE ANGLE(HYI30)
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Therefore, the samples experience alternating compression and

tension as the wheel turns. Plotting these cycles using the

strain gages(Figures 14 and 15 ), a sinusoidal process is ob-

served. Figure 14 shows the results for HY100. The first

action was that of compression beginning, in this case, with

a negative slope. A zero degree drive angle indicates

equilibrium and a ninety degree drive angle indicates maxi-

mum compression. As can be seen, two stress magnitudes were

applied, one of approximately fifty microstrains in both

tension and compression and the other of approximately
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one hundred microstrains. Figure 15 shows the results of the

same tests using the rod made of HY130 steel. Compression

was again the initial action, but this time resulted in an

initial positive slope of the curve. This result is due

simply to the reversed polarity of the strain gage circuit.

Results also showed the HY130 steel rod began with a

higher voltage at equilibrium indicating greater initial

imbalance in the resistance of the four gages in the

circuit. Finally, both graphs show a slightly larger strain

in compression than in tension, but insufficient to affect

the experiments which were performed.

The apparatus was then bolted to the table in line with

the probe oriented at zero field, such that when the sample

rods were placed inside the apparatus, the center of the

B-coil was at zero field, minimizing the effects of the

earth's field on it.

3-6 Short-term Experiments

The apparatus was then ready for experiments with and

* without applied stress. Using the circuit previously described,

VH vs. VB curves were made at various applied field amplitudes.

On the X-Y plotter the B-field voltage corresponded to the

X-axis and the H-field voltage corresponded to the Y-axis.

These measurements were taken at fields between approximately

ten and eighty amperes per meter, forty amperes per meter

being the approximate field of the earth. For each field

amplitude, plots were made with no stress applied, then

with stress of approximately fifty and one hundred

i-
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microstrains. Typical results are graphically displayed

in Figure 16.

For the fifty microstrain amplitude, a 1/8 horsepower

Figure 16 --Typical VH vs. VB Plots(E =0,6-50JFA )
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variable speed AC motor was connected to a shaft which

turned the wheel imparting the stress. This motor allowed

the tests to be run at both four and five cycles per second



for observation of frequency dependences 
there was none.

For the one hundred microstrain application the motor

was not powerful enough to turn the wheel. Therefore, a

handcrank was used, which allowed a fairly steady three

cycles per second stress application. Figure 16 shows

a definite change in slope, dB/dH, for both stress applicatilons.

Analysis will be presented in the next section.

One of the problems encountered in performing these tests

was the observable(Figure 16) oscillation in the magneti-

zation with stress cycles. Hard perm in the rods(that

remanent magnetization which can not be "shaken loose" by

the strength of fields applied in demagnetization) is unre-

sponsive to the stress cycles. Soft perm, on the other hand

(that magnetization which can be changed by the fields and

stresses applied),balances hard perm in the unmagnetized state

and displays significant modulation during stress oscilla-

tions. The soft perm was removed by magnetizing until

response to stress oscillations reached a minimum. The

balance point for the HY100 sample rod was approximately

77 Gauss and for the HY130 sample. 234 Gauss. These values

indicate, then, the presence of hard perm in the HY100 steel

and a larger amount of hard perm in the HY130 steel.

3-7 Long-term Experiments

Following these tests, the effect of long-term cyclic

::ss was investigated. For these tests, the V vs. VB

curves could not be used since voltage drift would become

3a major factor after long periods of time. Instead, the

rj 3
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Figure 17--MAGNETOMETER CALIBRATION
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objective was to apply DC H-fields and read changes in magneti-

*, 9 zation on the Schonstedt Heliflux Magnetometer with vibration. |

In order to interpret the magnetometer as a magnetization

detector, it was calibrated using rods in varying fields, corn-

paring B-coil readings with magnetometer changes. The results

of these calibrations are shown graphically in Figure 17. The

points surrounded by triangles indicate results for the HY100

steel rod and the circled points indicate the results for the

HY130 steel rod, both showing agreement within a few per cent.

I
4



The HY100 steel rod was used for these cyclic stress tests.

The fifty microstrain stress was applied in zero field and

with an applied field at four cycles per second for 10,000

cycles. The one hundred microstrain stress was also applied

in zero field and with an applied field. These tests were

done with the handerank, again at approximately three cycles

per second, for 2000 cycles. Measurements were made at differ-

ent intervals during the repeated stress cycles.

The results and analysis of these experiments will be

dealt with in the next section.

I
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IV. RESULTS AND DATA ANALYSIS

In this section, the experimental results of the AC

field cycles with and without vibration applied, and the

long-term changes in magnetization due to repeated stress

cycles, will be analyzed.

4-1 Short-Term Effects

.* From the VB vs VH plots described in the experiments,

the susceptibility and field were calculated and plotted.

Figure 18(next page) shows the results for the HYi00 steel

sample rod. The H-field was calculated in arneres per meter,

forty amperes per meter being the approximate field of the

earth. Both the susceptibility and the H-field were cor-

rected for the demagnetizing factor, which is approximately

1/400 for both rods. The value for permeability of HY100

which was used for the correction was 80.

The circled points show the results when no stress was

applied. The graph shows a linear increase in the suscep-

tibility as the field within the sample rod increases.

, The initial susceptibility, Xi. which is the susceptibility

at zero field, was found to be 76.9, which agrees with

results from tests performed in FY1978 by Professor

Carl S.Schneider at DTNSRDC, Annapolis(4).

Those points surrounded by triangles show results

when a stress of forty-seven microstrains was applied.

The initial susceptibility and all subsequent suscepti-

bilities are higher than that found at equivalent fields

with no stress applied. The curve is again linear and has

L

_ [ ..... . .. B
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Figure 1 8 -SUSCEPTT8ILITY UAPIATIOH N/STRESS A14D FIELD (HY188)
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a similar slope to the first set of points. The data for

this stress level was taken at both four and five Hez& stress

cycles,with similar results, showing no frequency dependence.

Those points surrounded by squares are those with 110

microstrain stress cycles applied. Again, results showed

a higher initial susceptibility, as well as increased

susceptibility at all other points. The relationship is

again linear and has a similar slope to the other two

sets of data. These experiments were performed at three!
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I[
Figure 19---SUSCEPTIBILITY VAIATOt4 U/STRESS AND FIELD (HY130)
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Herl stress cycles using a hand crank.

Figure 19 shows the results of the same experiments using

the HY130 steel sample rod. Without strain, the initial

susceptibility was 102.3, again agreeing with previous

research. The same linear relationships as those for the

HY100 steel were found. The susceptibility of the HY130

steel, however, was higher in all cases. For this steel,

the stress amplitudes were forty-five microstrains and

eighty-five microstrains. These changes in the magnitude
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I of the stress show that there was some breakdown in the

1system with repeated stress cycles. Because the fittings

for the rods were made of brass, it is probable that the

holes in these fittings through which pins were inserted grew

larger as a result of repeated stress cycles. Therefore,

movement of the rods increased and the amplitude of the strain

created within them was decreased.

From these graphs we found the initial susceptibility,

-for each rod and for each amplitude of strain. The

results are shown in Table I below:

TABLE I

Initial Susceptibility as Function of Strain

HY100 HY130

0 76.9 0 102.3

47 86.4 45 108.9

110 98.2 85 115.7

The plot of these points is shown in Figure 20(next page).

A linear relationship is again observed, with similar

slopes for both steel types. Looking again at Rayleigh's

*theory, the equation derived for stress application is:

IM(H,& )-M(H)=(2RHHj + HR or - 2-27

j Because the susceptibility is defined as the change in

magnetization with changing field, the relationship sought is,

IIi
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Figure 2 0--INITINL SUSCEPTIBILITI VS. STPFII4 (HY100 A14C0 HY130)
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The results of the experiments conducted indicate

that the quadratic term in equation 2-27 is dropped in

this case, yielding a linear relationship between the

susceptibility and strain, as well as field. From this

work, then, the equation for the change in susceptibility

with vibration is of the form:

Xeff=MH,6, 9 )/H- Xi+4RfH. 4-2
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where the factor of four is due to two factors of twos one

from the ratio of differential to normal susceptibility

slope, and the other from the experimentally observed

additive contributions of tension and compression to suscep-

tibility enhancement. Expressing this erhancec-r? empiri-

cally, we defines

Xefffi;i R6 4-3

where, for HY100, we observe from Figure 20s

dXeff/de =0.193/P 6

and from Figure 18s

R100=80-5 ri-/A ,so Ooo=2.41 -.15 IA/m.

For HY130, we observe from Figure 20:

:1 deff/de =0.1.571PJE

and from Figure 19s

R130=535 mm/a ,so 130=2.96!.30 MA/m.

1 The smaller difference between coefficients OC(twenty

per cent or just over one standard deviation) and the Ray-

leigh coefficients(fifty per cent or five standard devia-

tions) suggests that M may be due purely to steel composi-

tion.

Theoretically, from equations 4-2 and 4-38

U ~ (d Xff./d r )/R -4f (oHg /d) 4-4
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where from equation 2-251

o( =4f d(3/2(\sY/;jOMs))/d6 =6AsYf/Mm s  4-5

where Y is Young's modulus(2.0 x 1011 N/ 2 for steel) and

f is the fraction of domains which are responsive to stress.

Thus,

f= C oMs/6 Xy=O..55 4-6

where oMs is 1.93 Teslas for HY100 and X is seven

microstrains for iron, but is not known for 14Y steels, and

(XOO is used. Since f is expected to be the fraction of

domains with 90 degree walls, roughly one-half, results

agree with those theoretically derived.

4-2 Long-Term Effects

Long-term effects were then plotted and analyzed.

Figure 21(next page) shows the results of these tests for

the HY100 steel sample. The points surrounded by squares

show the results of 10,000 cycles at a strain amplitude of

*approximately forty-five microstrains, in the absence of a

field. Random fluctuations occur around the initial

magnetization, but no change in the magnetization is

observed.

The circled points show the results with an applied

DC field. Again, forty-five microstrains are applied for

10,000 cycles. The intercept of the magnetometer reading

axis shovsthe change in magnetization with one cycle.
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*As can be seen, the largest change in magnetization occurs

in this first cycle. This can be compared to the shock:1 experiments described in the first section. When a ship's
* steel undergoes shock, it will also undergo a change in] - magnetization dependent upon the amplitude of the shock.

The 10,000 cycles applied took approximately 40-50

minutes at four Hez&. with a definite increase in magnieti-

zation over this time period. The fact that the amplitude

1 of the stress was relatively small emphasizes the fact

T



50

that stress cycles haveamajor effect on a shir's magnetiza-

tion during voyaging.

The points surrounded by triangles indicate changes in

magnetization in the presence of a field for 2000 cycles at

a strain amplitude of approximately 100 microstrains. The

rise in magnetization is even more pronounced than that

of the smaller stress cycles, indicating a strong dependence

on strain amplitudes. Again, the intercept shows the change

in magnetization over the first cycle, indicating the strong

effect of this first cycle. These cycles were done by

hand and were therefore not taken to 10,000 cycles, but the

rising trend is obvious.

As can be seen, the results were plotted as a function

of the log of the number of cycles, rather than the square

root of the log, as was predicted by Ndbl for cyclic fields.

The results of these experiments do not conclusively show

that either of these dependencies is correct or incorrect.

The work done by Van Dang in this area is also question-

able. Further tests must be made under more ideal con-

ditions, in order to clarify this dependence.

It is obvious, however, that there is a definite rise

in magnetization in the presence of a field after long-term

cyclic stress. If, after only forty minutes at four He&t,

there is a noticeable change in the magnetization, the

changes observed after a year or more would be quite

marked. In the next section, conclusions will be drawn

from the experimental results and suggestions for further

research will be made.
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CHAPTER V

DISCUSS ION

The results of this research indicate several important

conclusions. First, the ability to simulate voyage effects,

both vibration and shock, is possible through the methods

described. Therefore, similar experiments using more sub-

marine-like models may lead to important conclusions for naval

applications.

The increased rise in susceptibility in the presence of

cyclic stress has been shown quantitatively(for the first time)

in small fields, such as those of the earth. In addition, the

higher initial susceptibility caused by the application of

stress is an important parameter for naval vessels. By

knowing the initial susceptibility, the induced magnetization

*can be more accurately measured and the ship can be permed to

balance the magnetization. In this manner, the ship may be-

come magnetically undetectable.

For the magnetic induction vs. field, the frequency of
the stress cycles had no effect on the results. In addition,

nothing in the theory indicates that there is a frequency-

I dependent effect. However, the change in magnetization was

found to be dependent upon the number of cycles. Cyclic

I stress was applied for 10,000 cycles, with a noticeable

increase in magnetization in the presence of a DC field.I
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This marks the first time stress-induced reptation was observed

quantitatively, and is the first time reptation was measured

below one-third the coercive force, the lower limit for

Van Dang in 1959. The effect was even more marked at one

hundred microstrains than at fifty microstrains. The ques-
1

tion of dependence on lor n(number of cycles) or (lop n)' was

not resolved, but further experiments will provide the answer.

Finally, the fraction of domains which respond to stress was

found to be about one-half. This indicates a balance be-

tween 90 degree and 180 degree walls.

For further experiments, a hollow cylinder may be used

and also a 1/100-scale model submarine, which is available

on loan from the Naval Ships Weapons Center, White Oak, Mary-

land. However, the equipment used for these experiments will

have to be more sophisticated than that which is presently

available. In addition, vibration amplitude measurements with

strain gages on submarines themselves would provide important

information for analysis of the field component of reptation.

The submarine hull undergoes biaxial strain in comparison to

the uniaxial strain experienced by the sample rods. This

parameter must also be taken into account.
Other effects related to voyaging must also be analyzed

in future research. Most of the subjects which were not ad-

dressed in this work are related to time-effects. This includes

the effects of temperature, as well as eddy currents. Eddy

current effects, which are small for low frequency fields,

such as those used for these experiments, cause the magnetic
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Iinduction to decrease from the surface to the interior, thus
creating a change in the overall magnetization(IO). The area

of "magnetic viscosity(11)" involves the initial susceptibility

and is quite temperature-dependent. It has been found that

there is a time decrease in susceptibility, which is observed

only at low field values, such as those experienced on the

earth. This thermal time-effect must be analyzed for more

accurate prediction of voyage effects.

Finally, experiments must be conducted with samples of

HY80 steel, for which no data was taken. Problems in attach-

ing the HY8O sample rod to the vibration apparatus caused it

to become unusable. HY8O steel is that steel from which sub-

marines are made. Professor Carl S. Schneider(4), who worked

with HY8O using static stress, found the susceptibility of

this steel to be similar to that of HY100. Therefore, the

results of experiments with HY100 are a strong indication of

results expected using HY80. However, it is still important

that these experiments be completed.

In conclusion, by conductirgexperiments in a similar

manner with models which more closely represent submarines,

results may be extrapolated to actual submarines. Through the

ability to predict changes in magnetization due to certain

variables, it may be possible to discover certain maneuvers,

, such as changes in direction, depth of voyaging, or changes

in internal stress, which could return the ship to a well-

known magnetic state, such that its magnetization can be

accurately controllable.
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