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MAGNETOSTRICTION HARMONICS IN (110) [OOl] SILICON IRON 

by 

C.E. WHITE 

ABSTRACT 

The c o n t r i b u t i o n of the harmonics of m a g n e t o s t r i c t i o n to the 
o v e r a l l noise spectrum of power transformers i s discussed w i t h 
reference to the domain theory of ferromagnetism, the development 
of e l e c t r i c a l s t e e l s and transformer design, and c u r r e n t sound 
measureraent p r a c t i c e . 

An apparatus i s described w i t h which the precise measurements 
of m a g n e t o s t r i c t i o n harmonics can be obtained a t any co-ordinate 
p o s i t i o n w i t h i n the boundaries of a g r a i n of s i l i c o n - i r o n e l e c t r i c a l 
s t e e l . The m a g n e t o s t r i c t i o n i s detected by a r e f i n e d double 
transducer technique. . The apparatus contains means f o r applying 
l o n g i t u d i n a l stresses to a specimen of s t e e l , f o r observing dynamic 
surface closure s t r u c t u r e s of domains and f o r c o n t r o l l i n g the f l u x 
waveshape. 

Using t h i s apparatus, values of the f i r s t three harmonics of 
m a g n e t o s t r i c t i o n have been measured f o r a s i n g l e g r a i n w i t h i n a 
s t e e l sample. The e f f e c t s o f v a r i a t i o n s i n applied l o n g i t u d i n a l 
s t r e s s e s , f l u x d e n s i t y and f l u x waveshape have been observed and 
recorded f o r the s t r a i n s measured i n both the r o l l i n g d i r e c t i o n and 
transverse to th a t d i r e c t i o n . 

The harmonic content i s then shown to be dependent upon the 
st r e s s l e v e l i n combination w i t h the extent of any f l u x waveshape 
d i s t o r t i o n , and i s p a r t i c u l a r l y dependent upon the phase r e l a t i o n s h i p 
between the f l u x harmDnics and cheir fundamental. I t i s also shown 
how the t h i r d harmonic of f l u x has a determining i n f l u e n c e on the j 
second harmonic of m a g n e t o s t r i c t i o n , as w e l l as the t h i r d , causing a 
r e d u c t i o n i n magnitude under c e r t a i n c o n d i t i o n s , 

A comparison between m a g n e t o s t r i c t i o n harmonics measured i n the 
r o l l i n g d i r e c t i o n and transverse to t h a t d i r e c t i o n i s then made, and 
shows a 2:1 r a t i o f o r the same compressive s t r e s s l e v e l . This 
confirms a p r e d i c t i o n by theory of such a r e l a t i o n s h i p . 
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CHAPTER ONE 

INTRODUCTION AND OBJECTIVES 

As s o c i e t y becomes i n c r e a s i n g l y aware of environmental p o l l u t i o n i t i s 

paradoxical that the major c o n t r i b u t o r to that p o l l u t i o n i s the technology 

upon which modern s o c i e t y i s founded. The t e c h n o l o g i s t s are t h e r e f o r e 

presented w i t h the dilemma of c o n t i n u i n g to i n v e s t i g a t e and improve the s t a t e 

of t h e i r a r t but at the same time consider the environmental aspects of t h e i r 

c r e a t i o n s . 

Noise i s one of the major p o l l u t a n t s i n the modern w o r l d , and a n t i - n o i s e 

lobbies appear to r e v o l t against a technology whose i n n o v a t i o n has 

c o n t r i b u t e d to our so c i e t y as i t i s today. 

Simultaneously, s o c i e t y i s becoming less t o l e r a n t of energy waste, but 

as yet the conservation of energy resources appears t o be motivated by the 

t e c h n o l o g i s t whereas the lay p u b l i c does not appear to be making severe 

demands i n t h a t d i r e c t i o n . 

Noise, along w i t h most other p o l l u t a n t s , does represent an energy loss 

i n the o v e r a l l energy-balance of the environment, and by s a t i s f y i n g the 

a n t i - n o i s e lobbies i n one d i r e c t i o n the t e c h n o l o g i s t i s also c o n t r i b u t i n g 

to the conservation of energy resources. This requires that the r e d u c t i o n 

of noise i s made a t the source, r a t h e r than j u s t s h i e l d i n g i t s r e c i p i a n t s 

from i t , since the l a t t e r needs a d d i t i o n a l expense. 

I t i s necessary, t h e r e f o r e , t o c l o s e l y examine the processes by which 

noise i s generated and to t r y and change such processes w i t h o u t 

d e t r i m e n t a l l y modifying the f u n c t i o n of the device responsible f o r the 

noise generation. Thus, i n the case of transformer noise, i t i s necessary 

to continue examining the process of magnetism w i t h i n the m a t e r i a l used and 



to seek ways i n which technology can adapt these processes to meet 

environmental requirements. Such research w i l l also s a t i s f y a need w i t h i n 

the technology i t s e l f , t h a t of c o n t i n u i n g to f u r t h e r the s c i e n t i f i c 

knowledge of one of the fundamental forces which modern physics now 

recognises - the electromagnetic f o r c e . 

Power transformers play a v i t a l r o l e i n the e f f i c i e n t d i s t r i b u t i o n and 

u t i l i s a t i o n of e l e c t r i c i t y energy, and i t has become an economic ne c e s s i t y 

to p o s i t i o n them close to centres of urban p o p u l a t i o n . As w i l l be shown, 

the noise created by a transformer i s steady i n nature, as opposed to the 

t r a n s i e n t noises w i t h which much noise-abatement i s c u r r e n t l y a s s o c i a t e d . 

The tendency, t h e r e f o r e , i s f o r the o v e r a l l background noise l e v e l i n urban 

areas to be increased, and the treatment of the psycho-acoustical problems 

a r i s i n g needs c a r e f u l c o n s i d e r a t i o n . 

I t i s known th a t the o r i g i n of most transformer noise l i e s i n the 

c y c l i c s t r a i n s ( m a g n e t o s t r i c t i o n ) set up i n the core m a t e r i a l d u r i n g a.c. 

magnetisation of the core, and t h a t t h i s s t r a i n contains harmonics. As 

w i l l be shown, the s t r a i n i s dependant on c e r t a i n p h y s i c a l p r o p e r t i e s of 

the core as w e l l as the s p e c i f i c i n f l u e n c e s of e x t e r n a l mechanical stresses 

and magnetic f l u x d e n s i t y . I t i s necessary to examine these dependancies 

i n order to understand the mechanism by which the s t r a i n s are produced. 

I n a d d i t i o n , because of the c h a r a c t e r i s t i c s of the human ear, i t i s the 

harmonic frequencies which are most o f f e n s i v e . 

This research w i l l t h e r e f o r e be concerned w i t h i n v e s t i g a t i n g the 

phenomena of harmonic generation i n m a g n e t o s t r i c t i o n and a t t e m p t i n g to 

c o r r e l a t e t h i s w i t h s p e c i f i c s t r u c t u r a l p r o p e r t i e s of the core m a t e r i a l . 

Two o b j e c t i v e s are sought: (1) e n v i r o n m e n t a l l y , to c o n t r i b u t e t o the design 

of q u i e t e r power transformers and ( i i ) s c i e n t i f i c a l l y , t o f u r t h e r the 

understanding of basic magnetic processes. 

-2 



CHAPTER TWO 

BACKGROÛ ?D TO THE INVESTIGATION 

2.1 H i s t o r i c a l Development of S i l i c o n - i r o n 

I r o n f u l f i l s f o u r of the most important requirements o f a magnetic 

m a t e r i a l f o r use i n heavy-current e n g i n e e r i n g : -

(a) i t has the highe s t s a t u r a t i o n f l u x d e n s i t y of a l l 

ferromagnetics; 

(b) i t i s r e a d i l y a v a i l a b l e and the most abundant; 

(c) i t i s not d i f f i c u l t t o e x t r a c t and work; 

(d) i t i s , even today, r e l a t i v e l y cheap. 

These reasons were appreciated by the f i r s t manufacturers o f 

transformers who used s o l i d cores o f unalloyed i r o n i n t h e i r devices. 

However, due to the low e l e c t r i c a l r e s i s t a n c e of i r o n ( t y p i c a l l y 

0.1 \xQ - m) la r g e eddy c u r r e n t s c i r c u l a t e normal t o the d i r e c t i o n o f f l u x 

change r e s u l t i n g i n excessive h e a t i n g and i n t o l e r a b l e losses. 

I t was soon r e a l i s e d t h a t l a m i n a t i n g the core would increase the 

s p e c i f i c r e s i s t a n c e (being i n v e r s e l y p r o p o r t i o n a l to the thickness) and 

reduce eddy c u r r e n t losses (which are p r o p o r t i o n a l to the square of the 

t h i c k n e s s ) . Producing very t h i n l a m i n a t i o n s was, a t t h a t time, very 

expensive and at the thicknesses attempted to d r a s t i c a l l y reduce losses, 

poor s t a c k i n g f a c t o r s and reduced magnetic p r o p e r t i e s became apparent. 

Methods of i n c r e a s i n g the s p e c i f i c r e s i s t a n c e w i t h o u t d e t r i m e n t a l l y 

a f f e c t i n g the cost and magnetic p r o p e r t i e s were t h e r e f o r e sought. 

I n 1902, B a r r e t t e t . a l . (1) published an enormous work concerning 

i r o n a l l o y e d w i t h other m a t e r i a l s . I n p a r t i c u l a r , a l l o y s w i t h s i l i c o n 

demonstrated a good increase i n r e s i s t a n c e to about 0.5 pfi - m at 

3.35% S i , but w i t h o n l y a small decrease i n s a t u r a t i o n f l u x d e n s i t y by 

about 0.15T ( 2 ) . A d d i t i o n a l l y , w i t h i n c r e a s i n g s i l i c o n c ontent, there i s 



an improvement i n losses, p e r m e a b i l i t y and c o e r c i v i t y ; the losses appear 

to reach a minimum at about 6,5% S i . However, the b r i t t l e n e s s o f the 

m a t e r i a l increases d r a m a t i c a l l y w i t h s i l i c o n content and t h i s setsa l i m i t 

of about 3.5% S i ; t h i s e f f e c t can be counteracted by hot working o f the 

m a t e r i a l . 

E f f o r t s were then concentrated on producing a l l o y e d Si-Fe 

l a m i n a t i o n s , and the major problem a t t h a t time was working w i t h a 

v i r t u a l l y u n r e l i a b l e m a t e r i a l . The resources of the vast German Steel 

i n d u s t r y solved most of these problems by 1903, and commercially produced 

" e l e c t r o s h e e t " was r e a d i l y a v a i l a b l e i n England by 1906 c o n t a i n i n g about 

3.4% S i . A l l sheets were produced by hot r o l l i n g methods. 

Further advances occurred d u r i n g the 1920*s and 1930's when the 

e f f e c t s of i m p u r i t i e s were i n v e s t i g a t e d , mainly i n America. The harmful 

e f f e c t s of carbon and oxygen were i s o l a t e d , i n t h a t they hinder the 

f o r m a t i o n o f uniform c r y s t a l t e x t u r e , and the d e t r i m e n t a l e f f e c t on losses 

of such i m p u r i t i e s as sulphur and manganese was e s t a b l i s h e d . 

However, no r e a l attempt had been made to u t i l i z e the a n i s t r o p i c 

p r o p e r t i e s of the c r y s t a l s t r u c t u r e , a l l sheet being hot r o l l e d which 

produces a v i r t u a l l y i s o t r o p i c m a t e r i a l from the p o i n t o f view o f magnetic 

p r o p e r t i e s . I t was r e a l i s e d though, t h a t i f any a n i s o t r o p i c e f f e c t s were 

present then the easiest d i r e c t i o n o f magnetisation u s u a l l y l a y along the 

r o l l i n g d i r e c t i o n . 

This l e d , i n 1934, to the advent of c o l d r o l l i n g techniques designed 

to produce sheet s t e e l w i t h a marked a n i s o t r o p y i n the r o l l i n g d i r e c t i o n , 

the s o - c a l l e d g r a i n o r i e n t a t e d sheet. The f i r s t successful attempts were 

patented by Goss i n 1934, who, by a succession o f c o l d r o l l i n g and 

annealing processes e s t a b l i s h e d the Goss, or cube-on-edge, t e x t u r e . I n 

terms of M i l l e r i n d i c e s t h i s i s expressed as (110)[001] t e x t u r e and i s 

shown diagra m m a t i c a l l y i n F i g . 2.1 ( a ) , where the (110) planes of the 

c r y s t a l are p a r a l l e l t o the sheet surface and the [001] axis i s p a r a l l e l 



F I G . 2 . 1 . ( a ) . T e x t u r e ( 1 1 0 ) [ 0 0 1 ] 

' C u b i c ' 

F I G . 2 . 1 . ( b ) . T e x t u r e ( 1 0 0 ) [ 0 0 1 ] . 

F I G . 2 .1 . I l l u s t r a t i n g ' G O S S ' and ' C u b i c ' T e x t u r e s 

in G r a i n - o r i e n t a t e d Si lie o n - i r o n . 

- 5 -



to the r o l l i n g d i r e c t i o n . 

As w i l l be discussed i n Chapter 3, the h i g h l y a n i s o t r o p i c nature o f 

the ferromagnetic c r y s t a l gives the cube edges the easiest d i r e c t i o n o f 

magnetisation. Such a g r a i n - o r i e n t a t e d t e x t u r e gives the bu l k sheet 

m a t e r i a l a h i g h l y p r e f e r r e d d i r e c t i o n of magnetisation (3,4) and the 

m a g n e t o s t r i c t i o n as w e l l as the losses w i l l be reduced. 

I t i s found t h a t the presence of s l i g h t i m p u r i t i e s i s e s s e n t i a l t o 

achieve Goss t e x t u r e and the growth of l a r g e g r a i n s . Manganese su l p h i d e 

i s used d u r i n g t h i s secondary r e - c r y s t a l l i s a t i o n process which suppresses 

primary g r a i n growth, and occurs d u r i n g a h i g h temperature b a t c h anneal 

f o l l o w i n g the v a r i o u s c o l d r o l l i n g stages (5,6,7 ) . 

A l l modern e l e c t r i c a l s t e e l s , or e l e c t r o s h e e t , c e r t a i n l y f o r power 

transformers, are now produced i n the Goss t e x t u r e , and w i t h modern 

techniques o f f a b r i c a t i o n l a r g e g r a i n sizes w i t h h i g h orders o f 

o r i e n t a t i o n (90-95%) can be achieved. Consequently the p r o p e r t i e s of 

modern s t e e l s have been g r e a t l y improved w i t h notable reductions i n losses 

and m a g n e t o s t r i c t i o n ( 8 ) . A l l sheet i s a v a i l a b l e i n var i o u s s i z e s , u s u a l l y 

graded i n thickness of l a m i n a t i o n and loss per kg, depending on the nature 

of the use r e q u i r e d (9,10). 

Other t e x t u r e s are, of course, p o s s i b l e , and a t t e n t i o n has been g i v e n 

t o t h e development o f the s o - c a l l e d cubic t e x t u r e , or (100)[001] t e x t u r e 

shown i n F i g . 2.1 ( b ) , where the cube edges of the c r y s t a l l i e both along 

the r o l l i n g d i r e c t i o n and a t r i g h t angles to i t . S u b s t a n t i a l r e d u c t i o n s i n 

losses have been r e p o r t e d w i t h such m a t e r i a l and i t has an apparent 

advantage i n transformer cores where the f l u x path needs to t r a v e r s e 90*^ 

at the corner j o i n t s . However, d i f f i c u l t i e s i n manufacture have been 

experienced and there i s a consequent cost p e n a l t y (11,12,13). 

Advances have also been made concerning the a p p l i c a t i o n of v a r i o u s 

coatings t o the sheet which, apart from g i v i n g the necessary i n t e r -

l a m i n a t i o n i n s u l a t i o n , also impart an e f f e c t i v e t e n s i l e s t r e s s which may 



o f f - s e t the e f f e c t s o f any compressive stresses a p p l i e d d u r i n g assembly 

of the laminations (14,15,16). As w i l l be discussed i n Chapter 3, t h i s 

w i l l have a b e n e f i c i a l e f f e c t on m a g n e t o s t r i c t i o n , as w e l l as on any 

losses which may be s t r e s s s e n s i t i v e . 

2.2 Transformer Noise and the E f f e c t s of Desi 

The primary source of transformer noise has been recognised as 

o r i g i n a t i n g from m a g n e t o s t r i c t i o n since the e a r l y 1940*s (17,18,19) and 

the progress achieved since then now allows the designer to p r e d i c t noise 

l e v e l s based on the transformer MVA r a t i n g ( 2 0 ) , 

These p r e d i c t i o n s are a consequence of s t a t i s t i c a l analyses of the 

core-emitted noise from a range of transformer s i z e s , and do not c o n t a i n 

any element d i r e c t l y a t t r i b u t a b l e to m a g n e t o s t r i c t i o n . 

When a c t u a l noise l e v e l s are compared to those computed using 

m a g n e t o s t r i c t i o n as the o r i g i n o f any core displacements, t a k i n g i n t o 

account the transformer dimensions and a l l o w i n g f o r a t t e n u a t i o n s due to 

o i l and tank, i t i s found t h a t the a c t u a l l e v e l i s i n the order o f 

10 dB(A) higher than was computed ( 2 1 ) . 

The d i f f e r e n c e s are u s u a l l y a t t r i b u t e d t o : -

(1) v a r y i n g and o f t e n unknown stresses i n the core ( s i n c e , as w i l l 

be described i n Chapter Three, m a g n e t o s t r i c t i o n i s h i g h l y s t r e s s 

s e n s i t i v e ) ; 

(2) magnetic forces causing * f l a p p i n g * o f i n d i v i d u a l l a m i n a t i o n s 

( p a r t i c u l a r l y at j o i n t s where cross f l u x i n g i s o c c u r r i n g ) ; 

(3) mechanical resonances of the core-tank s t r u c t u r e s , e s p e c i a l l y 

a t the higher harmonic frequencies of the noise ( i t w i l l be 

described i n Chapter Three how m a g n e t o s t r i c t i o n c o n t a i n s 

m u l t i p l e harmonics of a s i n g l e valued e x c i t a t i o n f r e q u e n c y ) ; 

(4) inhomogeneous f l u x d i s t r i b u t i o n and waveshape d i s t o r t i o n . 



Moses (22) s t a t e s t h a t the predominant causes o f s t r e s s i n the core 

are due to (a) clamping of the l a m i n a t i o n s , (b) the use of n o n - f l a t 

l a m i n a t i o n s and (c) the existence of temperature g r a d i e n t s and l o c a l i s e d 

h o t - s p o t s , and t h a t by f a r the worst s t r e s s e f f e c t i s t h a t due to wavy 

l a m i n a t i o n s . 

W i l k i n s and Thompson (23) demonstrated how reductions i n noise l e v e l s 

of the order o f 10 dB could be achieved by c a r e f u l l y s e l e c t i n g f l a t 

l a m i n a t i o n s , thus reducing the stresses imparted by f l a t t e n i n g of the 

un d u l a t i o n s . 

The e f f e c t of ' f l a p p i n g ' l a m i n a t i o n s , except i n badly b u i l t cores, i s 

g e n e r a l l y considered to be f a r outweighed by the m a g n e t o s t r i c t i o n s ( 2 4 ) , 

and t h i s problem i s very much more i n the c o n t r o l of the designer. Of 

gre a t e r importance i s the type of j o i n t c o n f i g u r a t i o n , which g r e a t l y e f f e c t s 

the n a t u r a l frequencies of the core limbs and yokes. 

Reinke (25) has shown how the j o i n t design w i l l i n f l u e n c e the core 

response a t the higher m a g n e t o s t r i c t i o n harmonics. 

The r e s u l t s o f core v i b r a t i o n due to resonances a t the higher harmonic 

frequencies was st u d i e s by Thompson and Wi l k i r Q (26) who showed t h a t these 

higher frequencies are r a d i a t e d much more e f f e c t i v e l y by the core, and t h a t 

the second harmonic was predominant i n the o v e r a l l noise l e v e l , 

Thoeng (27) showed how resonances i n the tank s t r u c t u r e w i l l g r e a t l y 

i n f l u e n c e the t r a n s m i t t e d noise, and i n p a r t i c u l a r t h a t the r a d i a t e d noise 

power w i l l be higher f o r the higher harmonics than f o r the fundamental 

frequency. This author also pointed out the n e c e s s i t y t o prevent unequal 

f l u x d i s t r i b u t i o n s w i t h i n the core. 

Various methods are a v a i l a b l e to the designer i n order t o reduce the 

o v e r a l l noise l e v e l , and a great deal of e f f o r t has been put i n t o the 

r e d u c t i o n of core s t r e s s e s . For example, the use o f i n s u l a t i n g c oatings 

on laminations w i l l be discussed f u r t h e r i n Chapter Three, wherein i t w i l l 

be described how an e f f e c t i v e t e n s i l e s t r e s s i s imparted, tending t o o f f s e t 



the d e t r i m e n t a l e f f e c t s of any compressive stresses a r i s i n g d u r i n g core 

b u i l d i n g . 

Clamping stresses may be reduced by the e l i m i n a t i o n of core b o l t s 

and s u b s t i t u t i n g resin-bonded, g l a s s - f i b r e tape to b i n d the core stacks 

together. Moses (24,28) has shown an improvement i n higher harmonic 

v i b r a t i o n s of the core by the use of f l e x i b l e bonding of the l a m i n a t i o n s , 

although the o v e r a l l noise r e d u c t i o n achieved was only 3 dB(A). Once 

again, t h i s author emphasised how the noise output i s c o n t r o l l e d by the 

l e v e l of the higher harmonics. 

Stresses due to wavy l a m i n a t i o n s can e a s i l y be c o n t r o l l e d by c a r e f u l 

heat-treatment (annealing) of the sheets ( 2 3 ) . Since most l a m i n a t i o n s are 

cropped or sheared from sheet s t r i p , t h i s process i s necessary anyway i n 

order to reduce the stresses imparted by such mechanical treatment. 

Limb-yoke T - j o i n t s i n power transformers are now always of m i t r e 

c o n s t r u c t i o n , r a t h e r than simple o v e r l a p or b u t t j o i n t s , and t h i s has the 

b e n e f i c i a l e f f e c t of ensuring more e f f i c i e n t f l u x t r a n s f e r , as w e l l as 

s t i f f e n i n g the j o i n t and l o w e r i n g i t s n a t u r a l frequency ( 2 5 ) , However, 

Moses and Thomas (29) have shown t h a t , regardless of j o i n t c o n f i g u r a t i o n , 

there can be l a r g e t h i r d harmonic f l u x e s c i r c u l a t i n g i n t o the j o i n t s from 

the limbs and yokes, and r o t a t i o n a l f l u x i n the j o i n t i t s e l f . Apart from 

i n c r e a s i n g losses there could w e l l be a d e t r i m e n t a l increase i n 

m a g n e t o s t r i c t i o n harmonics and hence noise. 

I t w i l l a lso be necessary f o r the designer to dimension the core-tank 

assembly i n a way to avoid resonances at the higher harmonic frequencies 

and, i f necessary, to use some form of r e s i l i e n t mounting e i t h e r between 

the core and i t s tank or between the tank and i t s mounting pad. 

The f i n a l course l e f t i s to s h i e l d the transformer by e n c l o s i n g i t , 

an expensive procedure p a r t i c u l a r l y f o r very l a r g e designs. This i n i t s e l f 

adds f u r t h e r problems, since the i n f l u e n c e of 'build-up' (30) due to 

r e v e r b e r a t i o n s i n s i d e the enclosure w i l l reduce i t s e f f e c t i v e n e s s . 
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I t i s apparent from the preceeding d i s c u s s i o n t h a t i t i s the higher 

harmonics of m a g n e t o s t r i c t i o n which appear t o have the gr e a t e s t e f f e c t on 

transformer noise. Ruhlmann (31) s t u d i e d the v a r i o u s i n f l u e n c e s described 

above and concluded t h a t the predominant c o n t r i b u t o r to the harmonics o f 

noise was the high harmonic content o f a non-uniform f l u x d i s t r i b u t i o n i n 

the core, and t h a t t h i s would be g r e a t l y i n f l u e n c e d by the presence o f 

str e s s e s . 

2.3 Sound Measurement and Ana l y s i s 

The e f f e c t s of noise on the human ear, and p a r t i c u l a r l y the harmonics 

i n t h a t noise, are most s i g n i f i c a n t when taken i n the context o f the 

previous d i s c u s s i o n of Section 2.2, from which i t appears t h a t the higher 

harmonics o f transformer noise may be p r e v a l e n t under some c o n d i t i o n s . 

This s i g n i f i c a n c e i s due to the f a c t t h a t the ear e x h i b i t s an apparent 

non-linear response. 

Because i t i s t r u e t h a t there i s no simple r e l a t i o n s h i p between 

measured sound pressure and human p e r c e p t i o n o f t h a t sound (32) i t i s 

necessary t o standardise such measurements to o b t a i n meaningful, o b j e c t i v e 

comparison. This has been done s t a t i s t i c a l l y from experiments over a l a r g e 

number of observations and, f o r example, normalised equal loudness l e v e l 

contours may be obtained f o r pure tones ( 3 3 ) , which demonstrate how the 

s u b j e c t i v e loudness o f a tone v a r i e s w i t h frequency. 

From such curves i t i s deduced t h a t the higher frequencies w i t h i n a 

complex sound waveform, at l e a s t up to about 4 kHz, w i l l have a g r e a t e r 

e f f e c t on the o v e r a l l loudness, as perceived by the l i s t e n e r , then may be 

apparent from a p h y s i c a l measurement o f the pressure l e v e l o f each frequency 

component ( 3 4 ) . 

These normalised r e l a t i o n s h i p s vary not only w i t h frequency but al s o 

w i t h the sound pressure l e v e l , tending to f l a t t e n as the S.P.L. increases. 
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I t i s n o t i c e a b l e from the published standards, however, t h a t the g r e a t e s t 

v a r i a t i o n s i n response occur i n the lower frequency ranges up to 400 Hz 

and f o r sound pressure l e v e l s up to 95 dB. 

Thus f o r a noise c o n t a i n i n g 100 and 200 Hz components w i t h equal 

S.P.L.'s of 50 dB, the second harmonic would appear approximately t w i c e as 

loud as the fundamental to a 'normalised' l i s t e n e r . 

I n order to overcome the d i f f i c u l t i e s presented by these psycho-

a c o u s t i c a l phenomena d u r i n g i n t e r p r e t a t i o n o f sound measurements, v a r i o u s 

k i n d s o f i n s t r u m e n t a t i o n have been developed. I n p a r t i c u l a r , t o a l l o w f o r 

the n o n - l i n e a r response of the ear, frequency w e i g h t i n g of the measured 

sound i s employed; the 'A* w e i g h t i n g i s now commonly accepted i n t e r n a t i o n a l l y 

as c o r r e l a t i n g extremely w e l l w i t h the s u b j e c t i v e response of the ear. 

The frequency response of the 'A' w e i g h t i n g shows an a t t e n u a t i o n o f 

- 3 dB(A) from 300 Hz to 200 Hz, and a f u r t h e r a t t e n u a t i o n o f - 9 dB(A) 

from 200 Hz to 100 Hz. 

Sincei the measured sound spectra of power transformers f a l l w i t h i n 

the frequency and pressure ranges mentioned above (35) i t i s c l e a r t h a t any 

higher harmonics of such noise w i l l become much more s i g n i f i c a n t i n terms 

of annoyance to a l i s t e n e r than the fundamental (100 Hz) component. 

2.4 Summary 

I t i s apparent from the preceeding discussions t h a t any r e d u c t i o n i n 

the sound pressure l e v e l s of the higher harmonics ( p a r t i c u l a r l y the 200 Hz 

component) i n transformer noise could r e s u l t i n a s i g n i f i c a n t r e d u c t i o n of 

the o v e r a l l sound l e v e l . 

Several authors have pointed out the necessity f o r f u r t h e r 

i n v e s t i g a t i o n s i n t o the generation o f such harmonics i n the m a g n e t o s t r i c t i o n 

of the core (24,26), but there appears to be l i t t l e published evidence o f 

any d i r e c t measurements, and none a t t e m p t i n g to c o r r e l a t e the harmonics 

w i t h d i s t o r t i o n of the f l u x waveform and under the i n f l u e n c e of s t r e s s . 



Before r e p o r t i n g on an Apparatus devised to f u l f i l l such an o b j e c t i v e , 

i t w i l l be necessary to discuss the magnetic processes which give r i s e t o 

harmonics i n m a g n e t o s t r i c t i o n . This w i l l be d e a l t w i t h i n the next Chapter 
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CHAPTER THREE 

MAGNETIC PROCESSES AND MAGNETOSTRICTION 

Before i n v e s t i g a t i n g any r e l a t i o n s h i p s between m a g n e t o s t r i c t i o n and 

the c r y s t a l l i n e s t r u c t u r e of s i l i c o n - i r o n I t i s necessary to appreciate the 

fundamental process which gives r i s e to s t r a i n s I n the m a t e r i a l d u r i n g 

magnetisation and the way I n which the -physical s t r u c t u r e of the m a t e r i a l 

a f f e c t s those processes. I n the words of A.J. Leggett ( 1 ) , 

"Ferromagnetlsm I s one of the olde s t and best known co-operative phenomena 

i n nature. I n a s o l i d , the Pa u l l e x c l u s i o n p r i n c i p l e can give r i s e to an 

e f f e c t i v e exchange i n t e r a c t i o n which may make i t e n e r g e t i c a l l y advantageous 

f o r two neighbouring e l e c t r o n s t o have t h e i r spins p a r a l l e l . At 

s u f f i c i e n t l y high temperatures t h i s tendancy i s o f f - s e t by the thermal 

d i s o r d e r , but below the Curie temperature the system acquires a spontaneous 

magnetisation". 

I t i s i n s t r u c t i v e to I n v e s t i g a t e i n some d e t a i l the nature of the 

process summarised by the above statements as i t w i l l lead to an e x p l a n a t i o n 

of the phenomena of m a g n e t o s t r i c t i o n and i t s r e l a t i o n s h i p t o the m a t e r i a l 

s t r u c t u r e . 

3.1 Ferromagnetlsm 

Two possible sources of magnetism may be envisaged by co n s i d e r i n g the 

basic Bohr model of the fre e atom i n which o r b i t a l motion of the charged 

e l e c t r o n around the nucleus and spin motion of the e l e c t r o n about i t s own 

axis c o n s t i t u t e c u r r e n t paths w i t h which there w i l l be associated a magnetic 

moment. Both motions also possess angular momentum due to the mass and 
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v e l o c i t y of the p a r t i c l e . 

Improvements t o the Bohr model quantise the o r b i t a l motions so t h a t 

o r b i t s e x i s t a t d i s c r e t e l e v e l s which are i n t e g e r m u l t i p l e s of Planck's 

constant, and are assigned a p r i n c i p l e quantum number. 

Spectroscopic a n a l y s i s reveals t h a t the spin angular momentum i s a l s o 

quantised, and as spin can e x i s t i n one of two d i r e c t i o n s t h i s motion i s 

assigned a quantum number, bing + | of the o r b i t a l quantum number* 

The r a t i o between the angular momentum and the magnetic moment f o r 

e i t h e r type of motion i s c a l l e d the gyromagnetic r a t i o (P) and i t can 

r e a d i l y be shown (2) t h a t f o r o r b i t a l motion 

= ^ = ' . = - J m _ 
% i e u) r2 e 

where the symbols are those accepted f o r the fundamental constants. 

S i m i l a r l y , i t can be shown t h a t the gyromagnetic r a t i o f o r s p i n motion i s 

given by 

P 3 = - ° 3.2 
^o ^ 

which I s h a l f t h a t f o r o r b i t a l motion due to the 2:1 r a t i o between assigned 

quiantum numbers. I n general terms f o r e i t h e r type of motion 
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where g i s the Lande s p l i t t i n g f a c t o r which w i l l have a value of 2 f o r spin 

motion, or u n i t y f o r o r b i t a l motion. Since a l l the terms i n the expression 

f o r p are u n i v e r s a l constants, the f a c t o r / g e\ i s c a l l e d the gyromagnetic 

constant, \ 2m 

and s u i t a b l y s o p h i s t i c a t e d experiments have been devised to enable t h i s 

constant to be determined, ( 2 , 3 ) . 

When t h i s i s done f o r bulk ferromagnetic m a t e r i a l i t i s found t h a t the 

value obtained f o r g i s approximately 2, being e i t h e r s l i g h t l y lower or 

higher depending on the experimental method employed, ( 2 ) . The conclusion 

i s , t h e r e f o r e , t h a t the o v e r a l l magnetic moment i n ferromagnetic m a t e r i a l s 

i s due to spin motion of e l e c t r o n s , w i t h a small c o n t r i b u t i o n a r i s i n g from 

the o r b i t a l motion. 

Each e l e c t r o n spin can be assigned a vector of magnetic moment, s, the 

sum of a l l the spins i n the atom g i v i n g the o v e r a l l atomic spin v e c t o r , 

S = 2;(s). S i m i l a r l y f o r o r b i t a l motion, the o v e r a l l atomic o r b i t a l v e c t o r 

i s given by L = I(JZ.).. I t can be demonstrated (2) t h a t the two v e c t o r s 

are l o o s e l y coupled, w i t h a weak i n t e r r a c t i o n c a l l e d the Russell-Saunders 

c o u p l i n g , such t h a t J = L + S. 

I n bulk ferromagnetic m a t e r i a l the o r b i t a l moment v e c t o r , L, i s 

quenched since the o v e r a l l magnetic moment i s ex p e r i m e n t a l l y shown to be due 

to e l e c t r o n spin motion. However, the coupl i n g r e f e r r e d to and the 

quenching of the o r b i t a l moment are necessary parts of the magnetisation 

process, as w i l l be described l a t e r . 

U n f o r t u n a t e l y t h i s e x p l a n a t i o n of the o r i g i n s of ferromagnetism i s not 

adequate f o r an exp l a n a t i o n of the major c h a r a c t e r i s t i c of ferromagnetic 

m a t e r i a l s - t h a t they can be brought to s a t u r a t i o n by the a p p l i c a t i o n of 
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very low f i e l d s trengths ( t y p i c a l l y <10^A/m). Thus i f a c o l l e c t i o n of f r e e 

atomic magnetic moments i s considered having a random arrangement of s p i n 

v e c t o r s , the f i e l d s t r e n g t h r e q u i r e d to arrange these spin vectors i n a 

p a r a l l e l alignment (as r e q u i r e d f o r magnetic s a t u r a t i o n ) can be shown to be 

I n the order of 10^ A/m, ( 2 ) , 

This anomaly I s resolved by p o s t u l a t i n g t h a t , below a c r i t i c a l 

temperature c a l l e d the Curie temperature when the thermal energy of the 

e l e c t r o n s i s s u f f i c i e n t l y reduced, there w i l l be a spontaneous i n t e r a c t i o n 

of energy between spin v e c t o r s such t h a t they a l i g n themselves p a r a l l e l t o 

each ot h e r w i t h o u t the a p p l i c a t i o n of an e x t e r n a l f i e l d . Thus a s t r o n g , 
q 

i n t e r n a l f i e l d of the order of 10 A/m i s spontaneously produced by the 

m a t e r i a l when reduced below i t s Curie temperature; t h i s i s r e f e r r e d to as 

the Weiss molecular f i e l d . 

F u r t h e r , I t I s p o s t u l a t e d t h a t t h i s f i e l d w i l l e x i s t I n small areas 

w i t h i n the b u l k m a t e r i a l , each of which w i l l have a s p e c i f i c o r i e n t a t i o n t o 

each other such t h a t the f l u x of each area w i l l be l o c a l l y closed. Thus 

there w i l l be no net magnetisation of the bulk m a t e r i a l - Then only the 

a p p l i c a t i o n of a s m a l l , e x t e r n a l f i e l d i s r e q u i r e d to b r i n g i n t o alignment 

the already s a t u r a t e d small areas, which are now r e f e r r e d to as domains. 

Al± ferromagnetic phenomena can be explained I n terms of domain behaviour, 

as w i l l be discussed l a t e r i n t h i s chapter. 

The problem now a r i s e s of e x p l a i n i n g two phenomena: (a) the existence 

of the s p i n - s p i n i n t e r r a c t l o n s causing the spontaneous magnetisation and 

(b) the existence of s p e c i f i c ferromagnetic m a t e r i a l s . To do t h i s i t i s 

necessary to examine b r i e f l y the way i n which the atomic s t r u c t u r e of the 

known elements i s d e r i v e d . 



This s t r u c t u r e i s produced by the b u i l d i n g up of lay e r s of e l e c t r o n s 

which can e x i s t only I n c e r t a i n quantum l e v e l s and energy s t a t e s . As Che 

l e v e l s are g r a d u a l l y f i l l e d the t o t a l number of e l e c t r o n s allowed i n t o each 

l e v e l i s l i m i t e d by the s t r i c t u r e s of quantum mechanics. I n p a r t i c u l a r , 

P a u l l ' s Exclusion P r i n c i p l e a p p l i e s which s t a t e s t h a t no two e l e c t r o n s 

having the same quantum number can e x i s t i n the same o r b i t . The i m p l i c a t i o n 

of t h i s i s t h a t two e l e c t r o n s having the same spin cannot be i n the same 

o r b i t , but t h i s w i l l be c o n t r a r y to the requirements of p a r a l l e l s p i n 

alignment needed f o r ferromagnetism. As the p r i n c i p l e quantum number f o r 

each o r b i t increases more e l e c t r o n s are allowed i n t o t h e " o r b i t s , or 

s h e l l s , and i n a d d i t i o n the s h e l l s sub-divide and go through the same 

processes. I t i s also p o s s i b l e f o r a s h e l l w i t h a higher quantum number t o 

s t a r t f i l l i n g up before the penultimate s h e l l or sub - s h e l l i s complete. 

Thus many elements w i l l e x i s t having p a r t i a l l y f i l l e d s ub-shells which are 

capable of accepting a d d i t i o n a l e l e c t r o n s , provided they have the allowed 

quantum number. 

I n p a r t i c u l a r there i s a group of elements c a l l e d the T r a n s i t i o n Metals 

which have p a r t i a l l y f i l l e d , outermost (3d) s u b - s h e l l s . This group i n c l u d e s 

the ferromagnetics of Fe, Co and N i , which e x i s t side-by-side i n the 

Pe r i o d i c Table of elements. One element lower than Fe, Mn, i s not 

ferromagnetic although having only one e l e c t r o n less than Fe; the l a s t 

element i n the group, Cu, has a completed su b - s h e l l and I s not ferromagnetic 

e i t h e r . 

Closer examination of the comparative s t r u c t u r e s of these metals 

reveals two major f a c t o r s : (a) the I n t e r a t o m i c distances ( l a t t i c e c o nstants) 

are v i r t u a l l y s i m i l a r and a l l have very compact c r y s t a l s t r u c t u r e s , and (b) 

the r a t i o of i n t e r a t o m i c distances t o sub - s h e l l diameter I s g r e a t e r f o r Fe, 
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Co and Ni than f o r Mn. These p r o p e r t i e s are summarised i n Table 3.1, 

( 3 , 4 ) , 

Element Mn Fe Co Ni 

D. Atomic Separation 0.252 0.250 0.251 0.250 nm 

d. Sub-shell Diameter 0.171 0.154 0.138 0.127 nm 

Ratio of ^/d 1.473 1.623 1.818 1.968 

Curie Temperature 770 1127 358 OC 

S a t u r a t i o n Level 2.15 1.76 0.61 T Q 20OC 

C r y s t a l S t r u c t u r e B. C. C. C.P.H. F.C.C. 

TABLE 3.1 Re l a t i v e P r o p e r t i e s of T r a n s i t i o n Metals 

Two f u r t h e r t h e o r i e s r e l a t e d t o atomic s t r u c t u r e also have to be 

considered before i t i s possible t o have a s i t u a t i o n whereby two or more 

el e c t r o n s having the same spin can e x i s t i n the same atomic o r b i t . The f i r s t 

of these i s Stoner's Band Theory, or the C o l l e c t i v e E l e c t r o n Model, ( 2 , 3 ) , 

which f o l l o w s from the concept of an atomic s t r u c t u r e having i t s outermost 

sub-shells g r e a t l y removed from the nucleus and w i t h adjacent atoms i n the 

c r y s t a l s t r u c t u r e being f a i r l y close t o each o t h e r . This allows the concept 

of energy bands which are not r e s t r i c t e d to one p a r t i c u l a r atom but are 

spread through the bulk m a t e r i a l , and i n which e l e c t r o n s are envisaged as 

being f r e e to wander throughout the c r y s t a l i n f r a s t r u c t u r e . The second 

theory i s the B r i l l o u i n Zone Theory which allows a p a r t i c u l a r s u b - s h e l l t o 
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c o n t a i n a l a r g e number of adjacent k i n e t i c energy bands which are very close 

together and f o r which only a small q u a n t i t y of energy i s r e q u i r e d t o e x c i t e 

a given e l e c t r o n from one band t o another ( 3 ) . The P a u l l Exclusion P r i n c i p l e 

s t i l l a p p l i e s to each band, but i t would now be possible f o r a f r e e e l e c t r o n 

to e x i s t i n the same sub- s h e l l as another e l e c t r o n having the same ( p a r a l l e l ) 

s p i n , but at a s l i g h t l y higher energy s t a t e . 

Considering now the for m a t i o n of a c r y s t a l s t r u c t u r e from the basic 

c o n s t i t u e n t atoms; i n the simplest case of a hydrogen molecule, a p a i r of 

p o s i t i v e n u c l e i i share a p a i r of e l e c t r o n s i n which strong forces of 

i n t e r r a c t i o n , or c o u p l i n g , e x i s t between the e l e c t r o n spins. I t i s found 

t h a t i n t h i s case the e l e c t r o n s have opposite, a n t i - p a r a l l e l , spin v e c t o r s 

and the coupling f o r c e s are described as neg a t i v e . 

I t i s now po s t u l a t e d t h a t the spontaneous molecular f i e l d i n 

ferromagnetism i s due to s i m i l a r quantum forces of coupling between unpaired 

e l e c t r o n spins i n adjacent atoms, but t h a t the co u p l i n g I s now p o s i t i v e so 

th a t p a r a l l e l spin alignment occurs. This concept was introduced by 

Helsenberg*s p o s t u l a t e of the Exchange I n t e g r a l , used i n quantum mechanics 

to r e l a t e the energy of the spin vectors of two neighbouring atoms, such 

t h a t 

W = + 2.J.Si. Sj 3.4 

where Si and Sj r e f e r to the s p i n v e c t o r s of atoms i and j r e s p e c t i v e l y , 

W i s a minimum when the exchange i n t e g r a l , J, i s negative and the spins 

are a n t i - p a r a l l e l , and, most i m p o r t a n t l y , W i s also at a minimum when J i s 

p o s i t i v e and the spins are p a r a l l e l . There i s no c l a s s i c a l analogy f o r 

t h i s phenomena and i t i s explained p u r e l y on the basis of quantum a n a l y s i s , 

but i t i s b e l i e v e d t h a t exchange forces of t h i s nature are as a r e s u l t o f 

e l e c t r o s t a t i c . Coulomb energy i n t e r a c t i o n between neighbouring e l e c t r o n s 

( 2 ) . 
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An extension of the exchange i n t e g r a l theory using a mathematical 

treatment due t o Bethe (3) gives a t h e o r e t i c a l p o s s i b i l i t y t h a t p o s i t i v e 

c o u p l i n g may a r i s e when the d i s t a n c e between two adjacent n u c l e i i , 

compared to the radius o f the o r b i t i n which uncompensated e l e c t r o n spins 

e x i s t , exceeds a c e r t a i n v a l u e . The estimates obtained f o r t h i s value 

show i t to be about 1.5, and, as has been shown i n Table 3.1, t h i s i s 

indeed the case f o r Fe, Co and N i , but not f o r Mn. 

However, P a u l i ' s E x c l u s i o n P r i n c i p l e w i l l s t i l l not a l l o w p a r a l l e l 

s p i n alignment i n the same energy band w i t h i n a given quantum s h e l l . 

F o r t u n a t e l y the B r i l l o u i n Zone Theory provides a l a r g e number of adjacent 

energy bands w i t h i n the same s u b - s h e l l , so t h a t i f t h e r e i s an u n f i l l e d 

energy l e v e l and i f the p o s i t i v e exchange energy i s a c t i n g i n the system, 

then i t i s p o s s i b l e f o r negative or down-spin e l e c t r o n s to be e x c i t e d up 

to a higher energy band and to reverse t h e i r s p i n s , thus g i v i n g a net 

balance of unpaired, p o s i t i v e , p a r a l l e l - a l i g n e d , s p i n e l e c t r o n s . 

To summarise, the r e c i p e r e q u i r e d to produce the phenomena of 

ferromagnetism i s as f o l l o w s ( 4 ) : 

(1) There must be u n f i l l e d e l e c t r o n s h e l l s w i t h i n the atom; 

(2) There must be uncompensated e l e c t r o n spins i n these s h e l l s ; 

(3) The l a t t i c e constant of the c r y s t a l s t r u c t u r e must exceed 

1.5 X the radius o f the u n f i l l e d s u b - s h e l l . 

When these c o n d i t i o n s are f u l f i l l e d , then spontaneous p a r a l l e l s p i n 

alignment w i l l occur below the Curie Temperature, producing the Weiss 

Molecular F i e l d , which i s the o r i g i n of Ferromagnetism. 

3.2 Magneto-Crystalline Anisotropy and Magnetic Domains 

As p r e v i o u s l y mentioned the o r b i t a l motions o f the e l e c t r o n s are 

quenched i n bulk m a t e r i a l , and t h i s occurs d u r i n g the f o r m a t i o n o f the 



c r y s t a l . s t r u c t u r e o f the m a t e r i a l when o r b i t - o r b i t i n t e r r a c t i o n s or 

c o u p l i n g determine the o v e r a l l l a t t i c e s t r u c t u r e . Thus the p o s i t i o n s o f 

the o r b i t a l magnetic moments are f i x e d i n space r e l a t i v e t o the c r y s t a l 

l a t t i c e , t o the extent t h a t there i s no net magnetic moment a r i s i n g from 

t h i s source; t h i s o r b i t - l a t t i c e c o u p l i n g i s so s t r o n g t h a t the i n f l u e n c e 

of an e x t e r n a l f i e l d has no e f f e c t on i t . However, i n a ferromagnetic 

c r y s t a l there i s the weak Russell-Saunders c o u p l i n g between the s p i n and 

o r b i t magnetic moments, and t h e r e f o r e a weak c o u p l i n g between the s p i n 

moment and the c r y s t a l l a t t i c e . So, i n the absence of an e x t e r n a l f i e l d , 

the spontaneously formed domains produced by the s t r o n g spin - s p i n 

i n t e r r a c t i o n s w i l l tend t o a l i g n w i t h the c r y s t a l l a t t i c e . This gives the 

ferromagnetics t h e i r h i g h l y a n i s o t r o p i c n a t u r e ; t h a t i s they show p r e f e r r e d 

or easy d i r e c t i o n s of magnetisation. 

Now i r o n forms a body-centred cubic l a t t i c e s t r u c t u r e , and i t can be 

shown (3) t h a t the energy associated w i t h such magnetic a n i s o t r o p y i n a 

cubic c r y s t a l i s given by: 

= + Ki + n^ + n^ l^) + K2 (Aran)2 3.5 

where 5., m, n are the d i r e c t i o n cosines of the magnetisation v e c t o r 

a r i s i n g from the domains (Mg)> i s a constant independant of d i r e c t i o n 

and so not r e q u i r e d d u r i n g dynamic i n v e s t i g a t i o n s , and , K2 are the so-

c a l l e d a n i s o t r o p y constants. F u r t h e r , i t can be shown (3) t h a t f o r W t o 
A 

be a minumum, M̂  must l i e along a p a r t i c u l a r c r y s t a l a x i s , depending on 

the values of Ki and K2. For i r o n , i t t u r n s out t h a t M w i l l l i e along the 

<100>, or cube-edge, d i r e c t i o n s f o r minimum a n i s o t r o p y energy, and thus the 

p r e f e r r e d or easy d i r e c t i o n s f o r magnetisation i n i r o n w i l l be c o i n c i d e n t 

w i t h the cube-edges of the c r y s t a l s t r u c t u r e . T h i s , indeed, has been 

e x p e r i m e n t a l l y v e r i f i e d (3). Thus i n demagnetised c r y s t a l s i t would be 



" expected t o f i n d the domains d i s t r i b u t e d among the s i x e q u i v a l e n t 

d i r e c t i o n s of cube-edges such t h a t the r e s u l t a n t magnetisation i n any 

d i r e c t i o n was zero. 

Considering now the f o r m a t i o n of domains i n a l a m i n a t i o n o f i r o n i n 

which the c r y s t a l s t r u c t u r e i s assumed t o have p e r f e c t o r i e n t a t i o n t o the 

l a m i n a t i o n , i . e . , a l l the {100} planes l i e along the plane o f the sheet 

and a l l the [ 0 0 1 ] d i r e c t i o n s are p a r a l l e l t o the l a r g e s t s i d e . I f the 

l e n g t h of the sheet i s g r e a t e r than i t s w i d t h , and both are c o n s i d e r a b l y 

g r e a t e r than i t s t h i c k n e s s , then any domains w i l l be expected t o l i e i n 

the plane o f the sheet p a r a l l e l t o i t s l e n g t h . This w i l l be so since the 

smallest demagnetising f a c t o r f o r such a shape can be shown t o e x i s t f o r • 

magnetisation p a r a l l e l to the longest a x i s , as compared to axes normal t o , 

and transverse t o , t h a t d i r e c t i o n , ( 2 , 3 ) . Hence the magnetostatic energy, 

which i s r e l a t e d t o the demagnetisation f a c t o r by the r e l a t i o n s h i p 

E = i N ( 4 ) , w i l l be a minimum i n t h a t d i r e c t i o n , m * s 
I f one continuous domain was t o be formed throughout t he sheet then 

w i l l s t i l l be extremely g r e a t , due to the c r e a t i o n of f r e e poles a t each 

end of the sheet ( F i g . 3.1, ( a ) ) . This energy w i l l be reduced i f the domain 

sub-divides i n t o two a n t i - p a r a l l e l domains ( F i g . 3.1, ( b ) ) , and w i l l be 

e l i m i n a t e d i f c l o s u r e , or t r a n s v e r s e , domains appear, c r e a t i n g f l u x c l o s u r e 

paths ( F i g . 3.1, ( c ) ) . However, the presence o f the transverse domains 

r e q u i r e s the v e c t o r t o r o t a t e through 90^, and, as w i l l be discussed i n 

Section 3.3, t h i s imposes a s t r a i n on the c r y s t a l l a t t i c e . Thus a component 

of magnetoelastic energy (E ) i s i n t r o d u c e d . E w i l l be reduced i f the 
X X 

volume o f the transverse domains i s decreased which can be achieved i f the 

domain f u r t h e r sub-divides ( F i g . 3.1 ( d ) ) . However, as t h i s occurs, more 

boundaries ( c a l l e d 180^ boundaries) are created between the domains; these 

boundaries, or Bloch Walls, have f i n i t e thickness i n which takes place a 

gradual r o t a t i o n through 180° of the v e c t o r s . I t can be shown (3) t h a t 
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these w a l l s have an associated energy made up of an exchange energy due 

to i n t e r a c t i o n between adjacent, n o n - p a r a l l e l s p i n v e c t o r s , and an 

a n i s o t r o p i c energy due to the w i d t h of the w a l l . Hence, as the domain 

sub-divides, there w i l l be an increase i n w a l l energy 

E = E + E^ w X A 

The l i k e l i e s t , s t a b l e domain arrangement w i l l occur when the t o t a l 

energy o f the system becomes a minimum ( 5 , 6 ) , Thus i f the magnetostatic 

energy i s e l i m i n a t e d by the presence o f the c l o s u r e domains, the main, 

180° domains w i l l sub-divide u n t i l the sum o f the boundary w a l l energy and 

the magnetoelastic energy i s a minimum. 

Fo l l o w i n g the development of techniques f o r domain o b s e r v a t i o n (see 

Chapter 4 ) , domain s t r u c t u r e s , formed as described above, have been 

observed, and as mentioned i n Section 3.1., the study of domain behaviour 

i s now completely used to e x p l a i n a l l ferromagnetic processes. Thus f o r 

the simple domain s t r u c t u r e d e p i c t e d by F i g . 3,1 ( d ) , when an e x t e r n a l 

f i e l d i s a p p l i e d along the major a x i s of the m a t e r i a l , those domains 

already magnetised t o s a t u r a t i o n i n t h a t d i r e c t i o n w i l l grow by means of 

domain w a l l motion (2) at the expense of the o p p o s i t e l y magnetised, a n t i -

p a r a l l e l domains. E v e n t u a l l y , f o r i n c r e a s i n g a p p l i e d f i e l d s t r e n g t h , the 

m a t e r i a l w i l l be completely magnetised i n t h i s d i r e c t i o n a t the s a t u r a t i o n 

l e v e l , Mg, of the domains. 

I f the c r y s t a l o r i e n t a t i o n s w i t h i n the m a t e r i a l are now such t h a t the 

{110} planes are p a r a l l e l t o the plane of the sheet, but s t i l l w i t h the 

[001 ] d i r e c t i o n s p a r a l l e l to the longest s i d e , then s u b - d i v i s i o n o f the 

domain s t r u c t u r e i n t o a n t i - p a r a l l e l 180° w a l l s w i l l s t i l l occur i n order 

to reduce the magnetostatic energy. However, clo s u r e domains of the type 

shown i n F i g . 3.1 (d) w i l l not now be expected, since these d i r e c t i o n s are 
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c o i n c i d e n t w i t h the <110> d i r e c t i o n , or non-easy d i r e c t i o n , associated 

w i t h much higher a n i s o t r o p y energy. I n t h i s case, the closure deomains a t 

the ends of the specimen w i l l l i e along the [10 0 ] or [010] d i r e c t i o n s 

i n c l i n e d a t 45° t o the sheet plane. 

This type of m a t e r i a l having a (110)[001] c r y s t a l l o g r a p h i c o r i e n t a t i o n 

i s now commonly i n use as an e l e c t r i c a l sheet s t e e l , and i n a l l subsequent 

discussions t h i s w i l l be the m a t e r i a l r e f e r r e d t o . U n f o r t u n a t e l y , such 

p e r f e c t o r i e n t a t i o n i n p o l y c r y s t a l l i n e m a t e r i a l i s not r e a l i s a b l e i n 

p r a c t i c e , although e l e c t r i c a l s t e e l s c o n t a i n i n g i r o n a l l o y e d w i t h s i l i c o n 

have now been developed i n which 90 - 95% o r i e n t a t i o n w i t h the p r e f e r r e d 

d i r e c t i o n has been achieved. 

Since the p r o p e r t i e s of s i l i c o n - i r o n , such as magnetic a n i s o t r o p y and 

s a t u r a t i o n m a g n e t i s a t i o n , are s u f f i c i e n t l y l i k e those of i r o n ( 4 ) , then i t 

may be expected t h a t the same domain p a t t e r n s w i l l occur i n both m a t e r i a l s . 

Thus i n P o l y c r y s t a l l i n e m a t e r i a l i t might be expected t o f i n d 

i n d i v i d u a l g r a i n s (each composed of many, s i m i l a r l y o r i e n t a t e d c r y s t a l s ) 

having v a r y i n g angles of the c r y s t a l axes w i t h respect t o the axes of the 

bulk m a t e r i a l . Thus the [00 1 ] a x i s may be t i l t e d out of the plane of the 

sheet, or r o t a t e d about the normal t o the plane o f the sheet, or the (110) 

plane may be r o t a t e d about the [001] a x i s . These correspond to angles of 

p i t c h ((f»), yaw (6) and r o l l (a) as depic t e d i n F i g . 3.2. Obviously g r a i n s 

having combinations of v a r i o u s values of (J), 6 and a may be expected to 

occur. 

I n an i n v e s t i g a t i o n of over 200 g r a i n s having a wide v a r i a t i o n of 

m i s o r i e n t a t i o n angles, Paxton and N i l a n (7) found t h a t , a t l e a s t i n the 

demagnetised s t a t e , the domain c o n f i g u r a t i o n s appeared t o be independant of 

9, and t h a t , a t l e a s t f o r small values of a, the angle a had l i t t l e e f f e c t 

on domain p a t t e r n s . The most important conclusion of t h i s work was t h a t 

the type of domain p a t t e r n expected to be observed a t the m a t e r i a l surface 
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(the s o - c a l l e d surface c l o s u r e s t r u c t u r e ) w i l l be determined s o l e l y by 

the angle (J). F u r t h e r , Paxton and N i l a n c l a s s i f i e d f i v e types o f domain 

s t r u c t u r e , d e s i g n a t i n g them W a l l , Spike, Lozenge, Lace and Maze p a t t e r n s , 

the names a r i s i n g from the p h y s i c a l m a n i f e s t a t i o n s of the observed 

p a t t e r n s . More s i g n i f i c a n t l y they were i d e n t i f i e d as corresponding t o 

angles of ^ i n the ranges 0 - 2 ° , 2 - 4 ° , 4 - 7 ° , 7 - 13° and g r e a t e r than 

13° r e s p e c t i v e l y . 

More recent work by Daniels (8) has complemented the work o f Paxton 

and N i l a n and enabled more p r e c i s e c o r r e l a t i o n of 4) w i t h domain p a t t e r n s , 

a l l o w i n g (J) t o be measured t o w i t h i n 1° from the surface c l o s u r e s t r u c t u r e , 

and extending the ranges of <̂  t o i n c l u d e 8 - 9 ° and g r e a t e r than 9°. 

Various models have been proposed by way of e x p l a n a t i o n f o r the 

d i f f e r e n t types of domain p a t t e r n s , and most are based on the f a c t t h a t i t 

i s necessary f o r f l u x c l o s u r e domains to occur i n order t o reduce the 

magnetostatic energy which would otherwise a r i s e due to f r e e poles being 

produced when the main, 180° domains reach the surface of the m a t e r i a l 

(5 , 7 ) . Such s t u d i e s have shown t h a t t h i s s t r u c t u r e i s not merely a surface 

e f f e c t but t h a t the domains apparent a t both surfaces of a l a m i n a t i o n are 

interconnected through the thickness o f the m a t e r i a l by transverse domains 

l y i n g along the easy d i r e c t i o n s p e r p e n d i c u l a r t o the [OOl] d i r e c t i o n . 

Hence p o s s i b l e domain s t r u c t u r e s , as proposed to e x i s t through the sheet 

t h i c k n e s s , are shown i n F i g s . 3.3, (a) and 3.3, (b) f o r the cases when 

2° < (J) < 4° (5, 7 ) , Such s t r u c t u r e i s r e f e r r e d t o as "supplementary 

s t r u c t u r e " , as d i s t i n c t from "main" s t r u c t u r e which r e f e r s t o the l a r g e , 

f l u x c a r r y i n g slab domains. 

The volume and behaviour o f the supplementary s t r u c t u r e i s now known 

to be r e s p o n s i b l e f o r the l e v e l s o f power l o s s and magnetoelastic energy i n 

e l e c t r i c a l sheet s t e e l s , ( 5, 9) and, as w i l l be shown i n Section 3,3,2, 
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the supplementary s t r u c t u r e i s d r a m a t i c a l l y a f f e c t e d by the a p p l i c a t i o n o f 

e x t e r n a l stresses to the m a t e r i a l . 

The f o r m a t i o n of f l u x c l o s u r e obeys a fundamental p r i n c i p l e o r i g i n a l l y 

s t a t e d by Neel, but summarised i n the l i g h t of modern i n v e s t i g a t i o n s by 

S h i l l i n g and Houze ( 5 ) . This s t a t e s t h a t f o r m a t e r i a l s w i t h l a r g e cubic 

a n i s o t r o p y (thus f o r 3% Si-Fe, Ki = 3.5 x 10^ J/m^, K2 = 0) domains w i l l 

arrange themselves along the s i x easy d i r e c t i o n s , <001>, such t h a t the net 

i n d u c t i o n i s p a r a l l e l to the a p p l i e d f i e l d ; t h a t i s , p a r a l l e l to the sheet 

plane since a p p l i e d f i e l d s are u s u a l l y o r i e n t a t e d so. This may be explained 

by again c o n s i d e r i n g the r e l a t i v e demagnetising f a c t o r s , N, such t h a t f o r 

l o n g , t h i n sheets the value of N along the l e n g t h of the sheet i s v e r y s m a l l . 

Thus i f the c r y s t a l a x i s i s r o t a t e d out of the sheet plane (<{> > 0 ) , then 

magnetisation spin v e c t o r s w i l l not r o t a t e down.into the sheet, but domains 

w i l l form along the ±[oio] and +Q00] d i r e c t i o n s such t h a t the volume weighted 

v e c t o r sum of domain ma g n e t i s a t i o n i s p a r a l l e l t o the (110) s u r f a c e plane. 

A f u r t h e r f e a t u r e o f p o l y c r y s t a l l i n e m a t e r i a l i s t h a t the main, 180° 

slab domains tend to be continuous along the sheet, passing through g r a i n 

boundaries. The e s s e n t i a l d i f f e r e n c e between adjacent g r a i n s i s then 

apparent due to d i f f e r e n c e s i n supplementary s t r u c t u r e (due to v a r i a t i o n s i n 

(J>) and d i f f e r e n c e s between the [oofj d i r e c t i o n and the a x i s of the sheet 

( v a r i a t i o n i n 6 ) . Thus i t i s apparent t h a t v a r i a t i o n s i n i n d u c t i o n w i l l 

occur from g r a i n to g r a i n . 

S h i l l i n g and Houze (5) have shown, a t l e a s t a t the knee of the 

magnetisation curve, t h a t the value of the net i n d u c t i o n , B^, p a r a l l e l to 

the a p p l i e d f i e l d i n a m i s o r i e n t a t e d g r a i n (9, (f) > 0) i s given by 

Mg COS 8. cos ^ + ^ [cos e. s i n <̂  + s i n 9 + | cos 9. s i n <{> - s i n 9 ' | 
2 
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where Mg i s the domain s a t u r a t i o n magnetisation. Above the knee of the 

curve r o t a t i o n o f domains out of the easy d i r e c t i o n s w i l l be r e q u i r e d , 

n e c e s s i t a t i n g l a r g e r increases i n a p p l i e d f i e l d energy, thus producing the 

knee. 

Radley (10) used the above r e l a t i o n s h i p between t he p e r m e a b i l i t y and 

m i s o r i e n t a t i o n angle as a way o f p r e d i c t i n g the g r a i n o r i e n t a t i o n , since 

changes i n e i t h e r 8 or i ^ ) w i l l produce the same change i n B and w i l l be 

governed by the l a r g e r o f the two angles, the smaller having l i t t l e e f f e c t 

( 5 ) . However, t h i s would.not enable the d e t e r m i n a t i o n of which angle o f 

m i s o r i e n t a t i o n was present, and t h i s can o n l y be done by o b s e r v a t i o n o f the 

domain surface c l o s u r e s t r u c t u r e . Techniques f o r achieving t h i s w i l l be 

d e a l t w i t h i n Chapter 4. 

3.3 M a g n e t o s t r i c t i o n Phenomena and Derived Theory 

3.3.1 The O r i g i n o f M a g n e t o s t r i c t i o n 

Due to the marked a n i s o t r o p y o f ferromagnetic m a t e r i a l , any domains 

tend t o l i e along p r e f e r r e d d i r e c t i o n s , such as the cube edges o f s i l i c o n -

i r o n c r y s t a l s . I f an e x t e r n a l f i e l d i s a p p l i e d at some angle t o these 

p r e f e r r e d d i r e c t i o n s then the spin v e c t o r s w i l l experience a torque t e n d i n g 

t o a l i g n them w i t h the easy d i r e c t i o n o f magnetisation nearest t o the 

d i r e c t i o n o f the a p p l i e d f i e l d . I n a d d i t i o n , t h i s torque w i l l be exe r t e d on 

the o r b i t moment axes through the s p i n - o r b i t c o u p l i n g discussed i n Section 

3.1. Since the o r b i t moment ve c t o r s are s t r o n g l y coupled t o the c r y s t a l 

axes, and since r o t a t i o n of the s p i n v e c t o r s i n v o l v e s r o t a t i o n of the 

u n f i l l e d 3 d sub-she l l s ( i n which the a l i g n e d s p i n - v e c t o r s e x i s t ) which are 

not s p h e r i c a l l y symmetrical, then a change i n the l a t t i c e dimensions o f the 

c r y s t a l has to occur i n order t o r e - e s t a b l i s h a c o n d i t i o n o f minimum energy. 

This sets up a s t r a i n i n the m a t e r i a l which i s r e f e r r e d to as the Joule 

e f f e c t , or l i n e a r or l o n g i t u d i n a l m a g n e t o s t r i c t i o n , or simply 
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m a g n e t o s t r i c t i o n . As, i n t h i s case, i t occurs w i t h v a r i a t i o n s i n the 

ap p l i e d f i e l d , i t may be r e f e r r e d t o as dynamic m a g n e t o s t r i c t i o n , 

A s i m i l a r e f f e c t occurs at the i n s t a n t of spontaneous domain f o r m a t i o n 

when the m a t e r i a l i s cooled below i t s Curie temperature, and when the o t h e r 

wise cubic l a t t i c e i n s i d e each domain i s spontaneously deformed i n the 

d i r e c t i o n o f domain s a t u r a t i o n m a g n e t i s a t i o n , Mg. This may be r e f e r r e d t o 

as the s t a t i c m a g n e t o s t r i c t i o n or s t a t i c m a g n e t o s t r i c t i v e s t r a i n . 

Two important c o n s i d e r a t i o n s a r i s e from t h i s e x p l a n a t i o n : 

(a) no dynamic s t r a i n w i l l be observed unless there i s a 

re-arrangement o f domains w i t h i n the m a t e r i a l , 

(b) t h a t any e x t e r n a l l y a p p l i e d stresses w i l l o b v i o u s l y s t r a i n 

the m a t e r i a l and i n f l u e n c e the process of m a g n e t o s t r i c t i o n . 

The usual d e f i n i t i o n o f m a g n e t o s t r i c t i o n accepted by users and s u p p l i e r s 

of e l e c t r i c a l sheet i s the net s t r a i n measured p a r a l l e l to the a p p l i e d f i e l d 

when the m a t e r i a l i s magnetised from i t s demagnetised s t a t e t o some given 

l e v e l o f i n d u c t i o n ( 5 ) . 

By c o n s i d e r a t i o n of the l a t t i c e s t r a i n and e l a s t i c constants i t may be 

shown (2,5) t h a t an e q u i l i b r i u m l a t t i c e s t r a i n e x i s t s when the t o t a l 

magnetoelastic energy ( t h e sum of the e l a s t i c s t r a i n energy and the l a t t i c e 

magnetoelastic energy) i s minimised. From t h i s may be derived an expression 

f o r the e q u i l i b r i u m m a g n e t o s t r i c t i o n i n terms of two e x p e r i m e n t a l l y measured, 

e q u i l i b r i u m l a t t i c e s t r a i n s XIQQ and Xm where X J O Q the s t r a i n i n the QooJ 

d i r e c t i o n when the magnetisation i s i n t h a t d i r e c t i o n , and Xm is the s t r a i n 

i n the Q l f j d i r e c t i o n when the magnetisation i s i n t h a t d i r e c t i o n . Thus 

fi 2 1 0 0 

+ 3 Xiii (Jlj &2 mi ni2 + Jig mi mg + I2 ^3 ^2 ^3) 

3.7 
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where \ i s the s t r a i n i n a domain measured i n a d i r e c t i o n whose d i r e c t i o n 

cosines are i i , £2* ̂ 3 w i t h respect t o the cube edges as reference 

d i r e c t i o n s , and having a s a t u r a t i o n m a g n e t i s a t i o n , Mg, i n a d i r e c t i o n whose 

d i r e c t i o n cosines are mi, m2, w i t h respect t o the cube edges. 

Hence the s t r a i n i n any d i r e c t i o n o f a m a t e r i a l may be obtained when 

the m a t e r i a l contains cubic c r y s t a l s a l i g n e d i n some way to the m a t e r i a l , 

those c r y s t a l s being contained by s a t u r a t e d domains at some oth e r o r i e n t a t i o n 

Thus f o r the simple case when Mg l i e s along cube edges and the [OOl] a x i s i s 

p a r a l l e l t o the d i r e c t i o n o f s t r a i n measurement, then Jl^ = m̂  = 1, 

£2 = -̂3 = ni2 " ~ 90° = 0. Hence 

X = 3. X i o o (1 - = A i o o 

3.8 

I f the s t r a i n i s now measured i n the same d i r e c t i o n but f o r domains 

l y i n g along the [OlO] or Qoo] a x i s a t r i g h t angles t o the [ooi] a x i s , then 

m2 = 1, mj = m3 = 0, J^i = 1, JI2 ~ ^3 ~ 0 ™3 = 1, mj = m2 = 0, Zi = 1, 
S-z = ^3 = 0. For e i t h e r case 

= I X i o o (0 - i) = i A i o o 
3.9 

So i f domains change o r i e n t a t i o n by r o t a t i n g through 90° from the 

001] a x i s t o the [lOq] or [olo] d i r e c t i o n s , then the net s t r a i n i n the 

001] d i r e c t i o n w i l l be given by the d i f f e r e n c e between equation 3,8 and 

3.9, such t h a t 

^ - - i Ajoo - X i o o = - 1 x^oo 

3.10 
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I f the reverse procedure occurs i . e . , r o t a t i o n from the [pi6] or [lOO] 

d i r e c t i o n i n t o the [oOl] or measuring d i r e c t i o n then the net s t r a i n w i l l 

be given by 

^ 1 0 0 " ( " J ^ l o o ) " 7 ̂ 1 0 0 

3.11 

Thus the s t r a i n can be p o s i t i v e or negative ( t h a t i s , an e l o n g a t i o n or a 

c o n t r a c t i o n ) depending on the r e l a t i v e d i r e c t i o n of domain movement. 

3.3.2 The E f f e c t s of Stress 

I f the m a g n e t o s t r i c t i o n described above i s produced i n a c r y s t a l 

s t r u c t u r e w h i l s t t h a t c r y s t a l i s being subjected t o an e x t e r n a l l y a p p l i e d 

s t r e s s , then s t r a i n energy i n the form of magnetoelastic energy w i l l be 

s t o r e d by the domains r e s p o n s i b l e f o r the s t r a i n . I t might be expected, 

t h e r e f o r e , t h a t the domain s t r u c t u r e would a l t e r i n order t o reduce the 

t o t a l f r e e energy of the system. 

I t can be shown (3) t h a t the increase i n magnetoelastic energy i n a 

c r y s t a l of cubic s t r u c t u r e under s t r e s s i s given by 

- - A a 
3.12 

where X i s given by equation 3.7, and a i s the s t r e s s assumed to be a p p l i e d 

i n the same d i r e c t i o n as which X i s measured, i . e . , d i r e c t i o n cosines Zi, 

^2> ^3- The s t r e s s , a, i s p o s i t i v e f o r t e n s i o n and negative f o r compression 

Thus i f a i s t e n s i l e , E;̂  w i l l be negative or reduced, but i f a i s 

compressive E;̂  w i l l be p o s i t i v e or increased. Thus i t may be expected t h a t 

l i t t l e , i f any, domain changes w i l l occur under the a p p l i c a t i o n o f t e n s i l e 

s t r e s s but t h a t domain s t r u c t u r e w i l l modify under compression o f the 

m a t e r i a l . 
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The e f f e c t s of s t r e s s on domain s t r u c t u r e have been observed by many 

workers, D i j k s t r a and Martius (11) i n v e s t i g a t e d the e f f e c t of t e n s i l e stress 

a p p l i e d i n the Qio] d i r e c t i o n at 90° transverse t o the [oOl] d i r e c t i o n , and 

noted t h a t the predominant, 180° domain s t r u c t u r e of F i g . 3.4-, (a) broke down 

at f a i r l y low l e v e l s of s t r e s s u n t i l the so-named Stress Induced P a t t e r n I 

was produced ( F i g . 3.4, ( b ) ) . On f u r t h e r increase of the s t r e s s t h i s p a t t e r n 

became more d i s t i n c t and narrower i n spacing u n t i l e v e n t u a l l y t h i s i n t u r n 

changed i n t o the Stress Induced P a t t e r n I I as shown i n F i g . 3.4, ( c ) . The 

stresses d i d not exceed the e l a s t i c l i m i t o f the m a t e r i a l which was g r a i n -

o r i e n t a t e d S^-Fg, 

Neurath (12) noted the decrease i n m a g n e t o s t r i c t i o n measured i n 3% 

S^-Fg f o r t e n s i l e s t r e s s a p p l i e d along the [pOl] d i r e c t i o n , and an increase 

f o r compressive s t r e s s a p p l i e d i n t h a t d i r e c t i o n , and i n t e r p r e t e d t h i s as due 

to changes i n domain s t r u c t u r e . 

Gniewek (13) observed domain surface c l o s u r e s t r u c t u r e s i n 3 i % S^-F^ f o r 

t e n s i l e stresses a p p l i e d transverse t o the [oOl] d i r e c t i o n , i . e . , along 

[ l i o ] » S l id s l s o along the [OOl] d i r e c t i o n . I n the former case s i m i l a r e f f e c t s 

to those reported by D i j k s t r a and Martius were noted and i n the l a t t e r case 

i t was observed t h a t a r e d u c t i o n i n what i s now c a l l e d supplementary s t r u c t u r e 

occurred as w e l l as a refinement i n the 180° w a l l p a t t e r n s . 

Corner and Mason (14) noted t h a t t e n s i o n a p p l i e d i n the Qio] d i r e c t i o n 

had the same e f f e c t as compression a p p l i e d i n the [oOl] d i r e c t i o n , the e f f e c t 

being s i m i l a r to t h a t r e p o r t e d by D i j k s t r a and M a r t i u s , and t h a t t e n s i o n 

a p p l i e d i n the (oOl] d i r e c t i o n had l i t t l e e f f e c t , i n w e l l o r i e n t a t e d g r a i n s 

((J) = 0) but caused a r e d u c t i o n i n supplementary s t r u c t u r e f o r g r a i n s t i l t e d 

i n t o the plane of the m a t e r i a l (<f> > 0). F u r t h e r , Corner and Mason suggested 

models to account f o r the Stress Induced Patterns I and I I of D i j k s t r a and 

Martius and also p r e d i c t e d t h e o r e t i c a l l y t h a t a compressive s t r e s s along 

[oof] would have the same e f f e c t as a te n s i o n of twice the magnitude along 

Qiq] . 
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The s t r u c t u r e p r e d i c t e d by Corner and Mason to account f o r Stress 

P a t t e r n I i s reproduced i n F i g . 3.4, (d) where the unstressed s t a t e i s assumed 

t o be the 180° bar s t r u c t u r e of a w e l l a l i g n e d g r a i n ( F i g . 3.A, ( a ) ) . I t w i l l 

be seen t h a t the bulk of domains are i n the transverse d i r e c t i o n s , Qoo] and 

[010[, the magnetostatic energy being reduced by f l u x c l o s u r e domains i n the 

[oof] d i r e c t i o n . 

I t can be shown (15) t h a t the [lOOj and [olo] d i r e c t i o n s are e n e r g e t i c a l l y 
favourable f o r a compression a p p l i e d t o the [OOl] d i r e c t i o n or a t e n s i o n 

a p p l i e d along [ l i o ] . Hence f o r i n c r e a s i n g compression along [oOl] the 

transverse d i r e c t i o n s become more favourable f o r domain o r i e n t a t i o n and the 

volume of such supplementary s t r u c t u r e increases a t the expense of domains i n 

the [pOl] d i r e c t i o n . 

F u r t h e r , by c o n s i d e r a t i o n of equation 3.7 and 3.12 f o r the case when Mg 

i s the same d i r e c t i o n as a compressive s t r e s s (- a) a p p l i e d p a r a l l e l t o the 

[oof] a x i s then 

E;̂  = •+ ^100 ^ 3.13 

since Jli = m̂  = 1, £2 = ni2 = Ĵ s = m3 = 0 

A l t e r n a t i v e l y , when a t e n s i l e s t r e s s (+ o) i s a p p l i e d transverse to the . 

[001] d i r e c t i o n along Qio] then 

" * i ^100 <̂  ' 3.14 

since ^1 = 0 , = ^3 = cos 45*^, m̂  = 1, m2 = m3 = 0 

This i s e x a c t l y the p r e d i c t i o n of Corner and Mason since comparison of 

equation 3.13 and 3.14 shows compression along [OOIJ has the same e f f e c t on 

E as has a tension of twice the magnitude along QIo]. Such a r e s u l t has 

been e x p e r i m e n t a l l y confirmed ( 1 6 ) . 



I f the s t r e s s a p p l i e d along [oOl] i s now t e n s i l e , then equation 3.13 

becomes 

E;̂  = - ^100 ^ ^"^5 

showing t h a t the t o t a l f r e e energy i s reduced f o r the main, 180° domains. 

However, i f any supplementary s t r u c t u r e i s present i t w i l l experience an 

increase i n magnetoelastic energy given by 

E x " ^ ^ 1 0 0 <y ^-^^ 

since Zi = 1, ^2 = ^3 = 0, = 1, mi = mg = 0 f o r a domain 

magnetised along [pioj w i t h the t e n s i l e s t r e s s along (oOl]. Thus t o minimise 

the t o t a l ' f r e e energy, the transverse s t r u c t u r e w i l l r e - o r i e n t a t e i n t o the 

(110) plane; but as t h i s w i l l increase the magnetostatic energy of the main, 

180° domains they w i l l then f u r t h e r sub-divide t o reduce t h i s energy as 

discussed p r e v i o u s l y i n Section 3.2, This has been e x p e r i m e n t a l l y confirmed 

by V.M. Bichard e t . a l . ( 1 7 ) . 

The e f f e c t s o f compressive s t r e s s a p p l i e d normally t o the plane o f a 

sheet of Si-Fe have also been i n v e s t i g a t e d (18, 19, 20). Again, by 

c o n s i d e r a t i o n of equation 3.7 and 3.12, an expression f o r the increase i n 

magnetoelastic energy f o r such a s t r e s s i s given by 

= + i ^100 ^ 3-17 

since ii = 0 , Ji2 = ^3 = cos 45°, mi = 1, m2 = mg = 0. 

This i s e q u i v a l e n t t o the change due to the transverse s t r e s s of equal 

magnitude. However, i n p r a c t i c a l transformer cores the normal stresses w i l l 

be several orders of magnitude less than any planar stresses ( a l s o a h i g h 

demagnetising f i e l d perpendicular t o the sheet) and the domain changes expected 

would consequently o n l y be minor. Experimental evidence (18, 19) shows t h a t 

the s t r e s s s e n s i t i v i t y of m a g n e t o s t r i c t i o n and losses i n w e l l o r i e n t a t e d 



m a t e r i a l f o r normally a p p l i e d stresses i s s i g n i f i c a n t l y less than t h a t f o r 

any planar stresses o f s i m i l a r magnitude. 

Thus i t may be concluded from the above d i s c u s s i o n t h a t the e f f e c t o f 

stresses on domains i s to cause a re-arrangement of the supplementary 

s t r u c t u r e c o n s i s t i n g mainly of transverse domains; t e n s i l e stresses a p p l i e d 

p a r a l l e l t o the r o l l i n g d i r e c t i o n remove supplementary s t r u c t u r e and r e - a l i g n 

the main, 180° domains w h i l s t compressive stresses i n the r o l l i n g d i r e c t i o n 

increase the volume of supplementary s t r u c t u r e . 

3.3.3 Negative M a g n e t o s t r i c t i o n 

The e x p e r i m e n t a l l y measured m a g n e t o s t r i c t i o n constants Xjoo ^ 1 1 1 

have values i n the order of + 24.10 ^ and - 4.10 ^ r e s p e c t i v e l y f o r Goss-

o r i e n t a t e d , 3% Si-Fe ( 5 ) . By s u b s t i t u t i n g these values i n t o equations 3.7 

t o 3.16 above i t w i l l be a n t i c i p a t e d t h a t t h e n e t s t r a i n measured i n the 

[001_ d i r e c t i o n w i l l be p o s i t i v e ( e l o n g a t i o n ) f o r domain r o t a t i o n s from [OlO 

or Qoo] d i r e c t i o n s i n t o the [oOl] a x i s , regardless of the l e v e l o f stresses 

a p p l i e d along the r o l l i n g d i r e c t i o n (assumed nearest t o [oOl]). E q u a l l y the 

s t r a i n would be negative ( c o n t r a c t i o n ) f o r domain r o t a t i o n i n the reverse 

d i r e c t i o n . 

Since, at any s t r e s s l e v e l , net magnetisation of the m a t e r i a l i n v o l v e s 

growth of 180*^ domains by w a l l movement (which does not produce magneto

s t r i c t i o n ) and r o t a t i o n of the supplementary s t r u c t u r e i n t o the [oofj d i r e c t i o n , 

then i t would be expected t h a t a l l measured m a g n e t o s t r i c t i o n would be p o s i t i v e . 

This i s c o n t r a d i c t o r y t o e x p e r i m e n t a l l y determined values (16, 21) wherein 

negative l e v e l s o f s t r a i n have been r e p o r t e d , p a r t i c u l a r l y a t , or near, zero 

s t r e s s and a t r e l a t i v e l y h i g h i n d u c t i o n s near to the knee of the ma g n e t i s a t i o n 

curve. 

.0-



Langham (22) produced a m a g n e t o s t r i c t i o n model based on 90° w a l l 

domain motion at low in d u c t i o n s (< 1.5 T) and r o t a t i o n of 180^ w a l l domains 

at high i n d u c t i o n s (> 1.5 T ) . This accounted f o r small» p o s i t i v e values o f 

X at zero s t r e s s , but d i d not in c l u d e negative l e v e l s . Anyway, c u r r e n t domain 

theory discounts 180° w a l l r o t a t i o n s i n the plane of the sheet except a t 

very high "field s trengths above the knee of the magnetisation curve ( 5 ) -

Brovnsey and Maples (23) accounted f o r negative values of X by 

con s i d e r i n g the r o t a t i o n of 180° w a l l domains away from the [OOl] c r y s t a l 

a x i s which was dipped i n t o the plane of the sheet. This account was 

subsequently modified by Holt and Robey (24) to Include r o t a t i o n i n the 

plane of the sheet. As t h i s r e q u i r e s moving the domains away from t h e i r 

easy d i r e c t i o n s , the f i e l d s t r engths r e q u i r e d would be greater than those 

normally experienced w i t h modern m a t e r i a l s i n p r a c t i c e ( 5 ) . 

Simmons and Thompson (21) observed negative X a t low stresses f o r the 

cases when the [OOl] a x i s was i n the plane of the sheet (<}> = 0) and w i t h no 

evidence of any supplementary s t r u c t u r e i n the form of surface c l o s u r e 

domains which would, i n any case, have produced a p o s i t i v e s t r a i n under 

magnetisation. 

Banks and Rawlinson (16) also observed negative X, but f o r samples of 

o r i e n t a t e d Si-Fe subjected to v a r i o u s degrees of c o a t i n g - m a t e r i a l . This 

was I n t e r p r e t e d as i n d i c a t i n g t h a t the samples were under an e f f e c t i v e 

t e n s i l e s t r e s s due to the coatings since uncoated samples gave s m a l l , 

p o s i t i v e values of X a t zero s t r e s s , and negative X f o r increased t e n s i l e 

s t r e s s . 

A l l these phenomena can now be explained i n terms of the behaviour of 

supplementary s t r u c t u r e of domains. Simmons and Thompson produced a model 

based on the assumption t h a t , d u r i n g the process of magnetisation under 



s t r e s s f r e e c o n d i t i o n s , transverse domains were created i n the [OlO] and 

[lOO] d i r e c t i o n s by r o t a t i o n of s p i n v e c t o r s away from the [OOl] a x i s . 

This would minimise the magnetostatic energy due to the angle of r o t a t i o n , 

9, between the 180° main domain and the a p p l i e d f i e l d by enabling the net 

i n d u c t i o n i n the g r a i n to remain p a r a l l e l w i t h the a p p l i e d f i e l d i n the 

plane of the sheet, p a r a l l e l to the r o l l i n g d i r e c t i o n . This i s c o n s i s t e n t 

w i t h the p r i n c i p l e s t a t e d I n Section 3.2 concerning the formation of f l u x 

closure s t r u c t u r e . 

These authors then derived an expression r e l a t i n g the s t r a i n measured 

i n the r o l l i n g d i r e c t i o n to the m i s o r i e n t a t i o n angle 9 (between the [OOl 

ax i s and the r o l l i n g d i r e c t i o n ) by c o n s i d e r a t i o n of the volume weighted 

a l g e b r a i c sum of the domain magnetisations i n -each easy d i r e c t i o n before and 

a f t e r magnetisation to some i n d u c t i o n B« The expression derived i s 

X = 1_ . X i o o - 1 . s i n 9 ( i sin2 9 - cos2 9) 3.18 

where M̂  i s the domain s a t u r a t i o n magnetisation. 

I n the case of the phenomena observed by Banks and Rawlinson, i t has 

p r e v i o u s l y been shown t h a t t e n s i l e stresses remove supplementary s t r u c t u r e , 

since the [001J d i r e c t i o n has become e n e r g e t i c a l l y f a v o u r a b l e . I f t h i s i s 

the case, then on appl y i n g an e x t e r n a l f i e l d , i t w i l l be necessary f o r the 

supplementary s t r u c t u r e to reform, f o r the same reasons as given by Simmons 

and Thompson, so t h a t the net i n d u c t i o n may remain p a r a l l e l t o the a p p l i e d 

f i e l d . Thus the conclusion reached by Banks and Rawlinson i s c o r r e c t , i n 

th a t the coating a p p l i e d to the m a t e r i a l i s appl y i n g an e f f e c t i v e t e n s i l e 

s t r e s s l a r g e enough to remove supplementary s t r u c t u r e which then reforms 

d u r i n g magnetisation. This r e q u i r e s t r a n s f e r of s p i n v e c t o r s through 90P 

from [OOl] to ± [OlO] or ± [lOO] d i r e c t i o n , which, as has been shown 



e a r l i e r , r e s u l t s I n negative s t r a i n s i n the c r y s t a l s t r u c t u r e . 

S h i l l i n g (5) shows th a t an expression f o r X can be derived f o r t h i s 

case which i s i d e n t i c a l to equation 3.18 above but w i t h 9 replaced by the 

angle of t i l t , . 

An a n a l y s i s may be undertaken to include a l l three m i s o r i e n t a t i o n 

angles ( 6 , <^, a) on an assumption t h a t I n the demagnetised s t a t e no 

supplementary s t r u c t u r e e x i s t s , e i t h e r due to ̂  being zero, or because a 

t e n s i l e s t r e s s of s u f f i c i e n t magnitude has been a p p l i e d to remove any 

supplementary s t r u c t u r e due to > 0. 

The a n a l y s i s i s as f o l l o w s : -

Consider a g r a i n having angles of m i s o r i e n t a t i o n 9 (yaw), <̂  ( p i t c h ) 

and a ( r o l l ) as shown i n F i g . 3.5. Then the d i r e c t i o n cosines of the cube 

edges corresponding to the easy d i r e c t i o n s of magnetisation [ O O l ] , [OlO] 

and [lOO] w i l l be: 

= cos 9 , cos <|) 

^2 = s i n 8, cos (45 + a) + cos 9, s i n <Ji. s i n (45 + a) 

i,3 = |sin 9, cos (45 - a) - cos 6. s i n (J), s i n (45 - a)] 3.19 

w i t h respect to the sheet r o l l i n g d i r e c t i o n ; 

and n j = s i n <|> 

n2 = cos (t>. s i n (45 + a) 

na = cos s i n (45 a) 3.20 



w i t h respect to the normal to the sheet plane; 

and t | = s i n 9• cos 6 

t2 = |cos 6 • cos (45 + a ) - s i n 9 • s i n (J), s i n (45 + a) | 3.21 

t3 = cos 9. cos (45 - a) + s i n 6, s i n 4). s i n (45 - a) 

w i t h respect to the transverse d i r e c t i o n , a t r i g h t angles to the r o l l i n g 

d i r e c t i o n . 

Assuming t h a t domains w i l l only form along the s i x edges of the cubic 

s t r u c t u r e corresponding to the <001> or easy d i r e c t i o n , then l e t the volume 

f r a c t i o n s of such domains w i t h i n the g r a i n be: 

' ^1 p a r a l l e l Co [ o O l ] , p a r a l l e l t o TOOl] 

V2 p a r a l l e l to [ O l O ] , V2 p a r a l l e l to [ o l o 

V3 p a r a l l e l to [ l O o ] , V3 p a r a l l e l t o [lOO] 3.22 

when the g r a i n i s i n a demagnetised s t a t e such t h a t the net i n d u c t i o n i s zero; 

and p a r a l l e l t o [ o O l ] , v^^ p a r a l l e l to [OOl] 

p a r a l l e l to [ O l O ] , p a r a l l e l to [oTo] 

p a r a l l e l to [ lOO] , p a r a l l e l to [TOO] 3.23 

when the g r a i n i s magnetised to some net i n d u c t i o n , Bg, measured i n the plane 

of the sheet p a r a l l e l to the a p p l i e d f i e l d , which i s taken as being p a r a l l e l 

to the r o l l i n g d i r e c t i o n . The [OOl] d i r e c t i o n i s assumed to be nearest to the 

sheet r o l l i n g d i r e c t i o n . 
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FIG. 3.5. D i rec t i on Cosines for a 

Mis-or ienta ted G r a i n . 



I n a d d i t i o n , since 'v* represents a volume expressed as a f r a c t i o n o f 

the t o t a l volume o f the g r a i n , then 

Z ( v ^ + v^) = 1 and I ( v ^ ^ + v^^) = 1 
i = 1 . 2 , 3 i = l , 2 , 3 

3.24 

Domains e x i s t i n g i n the \00l\ or [ooTj d i r e c t i o n s w i l l be r e f e r r e d t o as 

' p a r a l l e l ' or ' a n t i - p a r a l l e l ' main domains, a l l o t h e r s being r e f e r r e d t o as 

'transverse' domains or supplementary s t r u c t u r e . 

I f the o n l y r e s t r a i n t governing domain behaviour d u r i n g m a g n e t i s a t i o n i s 

based on the p r i n c i p l e t h a t , f o r a m a t e r i a l w i t h l a r g e cubic a n i s o t r o p y , 

domains w i l l arrange themselves among the s i x <001> easy d i r e c t i o n s o f 

magnetisation i n such a way t h a t the net i n d u c t i o n w i l l always be p a r a l l e l to 

the a p p l i e d f i e l d , then there w i l l be no net i n d u c t i o n normal t o the sheet 

plane or tr a n s v e r s e t o the r o l l i n g d i r e c t i o n . T h i s fundamental p r i n c i p l e i s 

quoted by S h i l l i n g and Houze (5) from the works o f Neel, and Becker and 

Doring. 

Thus f o r the r o l l i n g d i r e c t i o n : 

3.25 

And, f o r the normal t o the sheet plane: 

0 = ( v ^ i - v ^ i ) M^nj + (v^2 • ^ ^ 2 ) M n2 + (v^a - v^a) M n3 s s , s 

3.26 

And, f o r the transverse d i r e c t i o n : 

0 = ( v ^ i - v ^ i ) Mgti + (v^2 - v^2) MgCa - (v^a - v^s) M t3 
s ^ - ^ s 

3.27 



Mg i s the domain s a t u r a t i o n magnetisation. The negative signs a r i s e i n 

order t o be c o n s i s t a n t w i t h the m i s o r i e n t a t i o n angles shown i n F i g . 3.5. 

Expressing equation 3.25, 3.26 and 3.27 i n m a t r i x n o t a t i o n , and 

ap p l y i n g Kramers r u l e t o o b t a i n s o l u t i o n s f o r the net volume f r a c t i o n s 

p a r a l l e l t o the ( o O l ] , [ p i o ] and QooJ d i r e c t i o n , then 

V 1 3 
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where D = (- n2t3 - n a t j ) + (- n i t g - n j t i ) + ilg ( n i t 2 - n 2 t i ) 

S u b s t i t u t i n g f o r the r e l e v a n t values of the d i r e c t i o n cosines then 

n2t3 - n3t2 = n i t s - n g t i = -^2 

n i t 2 - n 2 t i = -Z^ D = - J l ^ i - ~ J^^3 = -1 



Therefore ( v ^ l - v ^ i ) 

Bg 

3.28 

The negative sign a r i s i n g f o r ( v ^ 2 ~ ^ ^ 2 ) suggests t h a t v ^ 2 ^s g r e a t e r 

than v^2 such t h a t the net volume f r a c t i o n i n v o l v e d should be o r i e n t a t e d 

p a r a l l e l to the [OlO] d i r e c t i o n . By i n s p e c t i o n of F i g . 3.5 t h i s i s seen to 

be c o r r e c t i n order t h a t the fundamental p r i n c i p l e governing domain 

c o n f i g u r a t i o n s h a l l h o l d . 

Equations 3.28 are v a l i d f o r g r a i n s e x h i b i t i n g yaw only (4) = a = 0) w i t h 

6 taken i n the d i r e c t i o n shown i n F i g . 3.5 provided t h a t 1 > v ^ 2 > "^^2 

and v^3 > v ^ 3 . S i m i l a r l y they w i l l be v a l i d f o r g r a i n s e x h i b i t i n g p i t c h o n l y 

(9 = a = 0) w i t h (fi taken i n the d i r e c t i o n shown i n F i g . 3.5, provided t h a t i n 

t h i s case v^ 3 > v ^ . For angles of 9, i> i n any other quadrant, the d i r e c t i o n 

cosines of equations 1, 2 and 3 w i l l be m o d i f i e d a c c o r d i n g l y and equations 

3.28 w i l l s t i l l be obtained i n the form shown. 

I f a c o n s t r a i n t i s now a p p l i e d to the domain s t r u c t u r e such t h a t o n l y 

those d i r e c t i o n s nearest t o the a p p l i e d f i e l d can be occupied, then 

= v^2 = = 0- This s t a t e i s proposed to e x i s t at the knee of the 

magnetisation curve ( 2 5 ) . Hence, from equation 3.28 and 3.24 

v ^ l + ^ ^ 2 + v^gsBn .(Hi + £ 2 + ̂ ^3) 

and 

V ^ l + V ^ 2 + V ^ 3 = 1 



where Bn i s the net i n d u c t i o n a t the knee of the B-H curve. Therefore, 

Bn 

+ A2 + ^3 3.29 

This r e l a t i o n s h i p has also been shown to hold (2) a t the remanence p o i n t 

when Bg w i l l become the r e t e n t i v i t y Br, and the r e s u l t i n g r e l a t i o n s h i p i s 

known as Kaya*s Law. 

I n a d d i t i o n f o r t h i s s t a t e 

i. 1 

i = l , 2 , 3 3.30 

For any i n t e r m e d i a t e i n d u c t i o n , Bg, between the demagnetised s t a t e and 

the knee of the B-H curve then equations 3.28 apply and the net i n d u c t i o n i n 

the g r a i n w i l l depend on the degree o f m i s o r i e n t a t i o n of the g r a i n and the 

r e l a t i v e volumes o f main domains and supplementary s t r u c t u r e . 

S h i l l i n g and Houze (5) have shown t h a t Bn w i l l depend on the l a r g e r o f 

the two angles Q ox <^ so t h a t a measurement of Bn w i l l only i n d i c a t e the 

general degree of m i s o r i e n t a t i o n . Observation o f the domain surface c l o s u r e 

s t r u c t u r e w i l l r e v e a l which o f the two angles i s dominant. 

Equations 3.28 may also be used to determine the change i n magneto

s t r i c t i o n i n a m i s o r i e n t a t e d g r a i n when the i n d u c t i o n v a r i e s , provided t h a t 

i t i s p o s s i b l e t o describe the domain c o n f i g u r a t i o n a t each l e v e l o f 

i n d u c t i o n . Then, the net s t r a i n measured along the r o l l i n g d i r e c t i o n i n the 

g r a i n can be obtained from the a l g e b r a i c sum o f the s t r a i n s due t o domains 

e x i s t i n g along each of the s i x easy d i r e c t i o n s , weighted according t o the 

volumes i n v o l v e d . 



The s t r a i n s due t o domains along each of the easy axes may be obtained 

from the fundamental r e l a t i o n s h i p ( 2 , 5 ) : -

- - ^ 1 0 0 I (£[2 mi2 
i = l , 2 , 3 i^i ^ J ^ J 

3.31 

For domains along [oOl] and [ o o t ] , mj = 1, m2 = m3 = 0, and so 

= 1 Aioo U i ^ - i ) 

S i m i l a r l y , f o r domains p a r a l l e l t o [OlO] and [ 6 1 o ] , or [ l o o ] and [lOO], 

S3 1 Xioo (^^3 - i ) 
2 3 

Thus f o r the volume f r a c t i o n s s t a t e d i n equation 3.22 and 3.23, the net 

change i s s t r a i n between the demagnetised s t a t e and some i n d u c t i o n Bg w i l l be 

given by 

net 
i = 1 . 2 , 3 

( v ^ ^ + v^^) - ( v ^ + v^) 
3 

3.32 

and where Bg w i l l be d e f i n e d by equation 3.28 such t h a t 

Bg 
Ms 

i = l , 2 , 3 

3.33 
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But from equation 3.24 

( v i + v j ) = 1 - ( v 2 + V 2 + V 3 + V 3 ) 

and 

(vx^ + v i ^ ) = 1 - (V2^ + ^J2^ + ^3^ + V3M 

Therefore, equation 3.32 s i m p l i f i e s t o 

net = J Moo 
i=2,3 

( v . l + v . l ) - ( v . + V . ) 

3.34 

I t i s now necessary to determine the volume f r a c t i o n s ( v ) . This may 

e a s i l y be done f o r c e r t a i n simple cases e x h i b i t i n g w e l l d efined domain 

s t r u c t u r e . Thus i n the demagnetised s t a t e i t may be assumed t h a t V 2 , V 2 , V3 

and V 3 are a l l zero, corresponding to a g r a i n under s t r e s s - f r e e c o n d i t i o n s 

having an angle of yaw (6) o n l y , when equal volumes of p a r a l l e l and a n t i -

p a r a l l e l main domain would e x i s t ; or a g r a i n to which s u f f i c i e n t t e n s i l e 

s t r e s s has been a p p l i e d such t h a t a l l supplementary s t r u c t u r e has been 

removed. 

A f t e r magnetisation to some i n d u c t i o n Bg the supplementary s t r u c t u r e w i l l 

reform i n both cases i n order to keep the net i n d u c t i o n i n the g r a i n p a r a l l e l 

to the a p p l i e d f i e l d (along the r o l l i n g d i r e c t i o n ) . Then, equations 3.28 

apply such t h a t : 

V2^ = — ^ %1 and V 3 I 

Ms 



f o r which i t i s assumed t h a t = V3^ = 0 and t h a t domain formation 

corresponding t o V2^ and V3^ i s s u f f i c i e n t to s a t i s f y the fundamental p r i n c i p l e 

of domain c o n f i g u r a t i o n . 

S u b s t i t u t i n g the above c o n d i t i o n s i n t o equation 3,34, the net s t r a i n w i l l 

be given by 

net 
3 Bg 

100 • — 
Ms 

l2 (12^ h^) + h ^ 3 ^ - ^1^) 3.35 

For the case when (J) = a = 0, t h a t i s , a g r a i n e x h i b i t i n g yaw o n l y , then 

il = cos 9, ^2 ' 3̂ f Sin 9 2 

Thus 

net ± X 100 ^ /T s i n 9 (J s i n 2 9 - cos2 9) 

or net ± Aioo ^ /2 s i n 9 ( i - cos^ 9) 
^ • M3 

3.36 

Hence f o r cos^ 9 > i., corresponding t o 9 < " 55°, A^^^ w i l l be n e g a t i v e . 

A s i m i l a r expression may be obtained i n terms of d i p angle ^ f o r a g r a i n 

i n which 9 = a = 0, Both these expressions are i d e n t i c a l t o those d e r i v e d by 

Simmons and Thompson ( 2 1 ) , and S h i l l i n g and Houze ( 5 ) , who considered the 

s p e c i f i c cases o n l y i n i s o l a t i o n from the general c o n d i t i o n s . 

Hence i n the unstressed c o n d i t i o n X w i l l be p o s i t i v e , negative or even zero 

depending on the r e l a t i v e values of the m i s o r i e n t a t i o n angles. For small values 

of 9 or ({}, which w i l l be usual f o r w e l l o r i e n t a t e d Ŝ  - F^, A w i l l be n e g a t i v e 

due t o r e f o r m a t i o n of supplementary s t r u c t u r e d u r i n g magnetisation i n order t o 

keep the net i n d u c t i o n p a r a l l e l t o the a p p l i e d f i e l d , a n d thus minimise the 

magnetostatic energy. 



The expressions derived above have been shown to be i n good agreement 

w i t h e x p e r i m e n t a l l y measured values (5, 20), and recent work by A l l i a e t . a l . 

(26) has produced a t h e o r e t i c a l model to account q u a n t i t a t i v e l y f o r negative 

s t r a i n s as a f u n c t i o n of both i n d u c t i o n and a p p l i e d t e n s i l e s t r e s s , which 

c o n f i r m the general observations of the proceeding d i s c u s s i o n . 

3.34 M a g n e t o s t r i c t i o n Harmonics 

Under the a p p l i c a t i o n of an e x t e r n a l f i e l d which produces a c y c l i c a l l y 

v a r y i n g magnetisation of the m a t e r i a l , domain vectors w i l l r e - o r i e n t a t e i n t o 

the easy d i r e c t i o n s nearest to the a p p l i e d f i e l d , f i r s t l y i n one d i r e c t i o n 

and then i n the reverse d i r e c t i o n , corresponding to a l t e r n a t e h a l f cycles of 

magnetisation, 

. The m a t e r i a l w i l l be s t r a i n e d s i m i l a r l y f o r both h a l f cycles and i t would 

be expected to observe a dynamic m a g n e t o s t r i c t i o n of fundamental frequency 

equal to twice t h a t of the e x c i t a t i o n . 

Even i f the i n d u c t i o n i s s i n u s o i d a l of a s i n g l e frequency the dynamic 

s t r a i n w i l l not n e c e s s a r i l y be so since t h i s w i l l be determined by the X - b 

r e l a t i o n s h i p . 

I t has been v e r i f i e d (27) t h a t the l o c a l i s e d f l u x waveform w i t h i n the 

bulk of the m a t e r i a l does, however, co n t a i n harmonics and other workers have 

shown t h a t t h i s f a c t o r i s predominant i n the increase of losses due to l a r g e 

c i r c u l a t i n g harmonic f l u x e s , (28, 29, 30). This i s p a r t i c u l a r l y so i n 

completed transformers and when the e f f e c t s of s t r e s s are considered. 

Holt (31) has reported a wide range of s t r e s s s e n s i t i v i t i e s f o r 

m a g n e t o s t r i c t i o n harmonics but was not able to conclude w i t h any s a t i s f a c t o r y 

e x p l a n a t i o n s . 

•Jj' 



Ruhlmann (32) has derived simple r e l a t i o n s h i p s t o demonstrate the increase 

i n harmonic content of transformer noise due t o l o c a l i s e d f l u x waveform 

d i s t o r t i o n , and has demonstrated the v a r i a t i o n of harmonic amplitudes w i t h 

changes i n i n d u c t i o n . I n p a r t i c u l a r , evidence f o r maxima and minima i n the 

harmonics was produced where, f o r example, the second harmonic of magneto

s t r i c t i o n decreased w i t h i n c r e a s i n g i n d u c t i o n . 

This l a t t e r phenomena has als o been observed i n the sound spectra of power 

transformers when the e x c i t a t i o n was v a r i e d ( 3 3 ) . 

An a n a l y s i s now f o l l o w s which attempts t o r e l a t e the l e v e l of magneto

s t r i c t i o n harmonics t o the l e v e l o f harmonics i n the i n d u c t i o n w i t h i n a g r a i n of 

the m a t e r i a l . 

M a g n e t o s t r i c t i o n Harmonic An a l y s i s 

I n the previous d i s c u s s i o n on negative m a g n e t o s t r i c t i o n ( S e c t i o n 3.3.3), 

a d i r e c t , l i n e a r r e l a t i o n s h i p was deduced between X and B. This was f o r the 

s p e c i f i c case o f a m i s o r i e n t a t e d g r a i n , w i t h no supplementary domain s t r u c t u r e 

i n the demagnetised s t a t e ( e q u a t i o n 3.36). 

I f , as w i l l be u s u a l , the above s p e c i f i c c o n d i t i o n s are not met, then 

some volume o f supplementary s t r u c t u r e w i l l e x i s t i n the demagnetised s t a t e due 

to g r a i n m i s o r i e n t a t i o n ((J) > 0) or t o the presence of e x t e r n a l s t r e s s , or both. 

This c o n d i t i o n needs t o be analysed t o o b t a i n the X-B r e l a t i o n s h i p , and 

c e r t a i n s i m p l y f y i n g -.a^SuHptions cay be'made-.by-.^^ cases vrhen 

(j> = a = 0, or 6 = a = 0, corresponding t o g r a i n s having yaw on l y or p i t c h o n l y . 

For e i t h e r case 

cos 3, ̂ 2 = £3 = 1 s i n 6 

•54-



where 3 represents e i t h e r 6 or (J» r e s p e c t i v e l y . Equation 3.34 then becomes 

net i • Xioo ( i s i n 2 B - cos2 6) i 
^ i=2,3 

or 

net 1 Xioo (- - cos2 B) E 
^ 3 i=2.3 

( v ^ ^ + v ^ l ) - ( v ^ + v^) 

3.37 

Equation 3.33 f o r Bg s i m p l i f i e s t o 

Bg = 
cos B + /2 s i n 6/ i = l » 2 , 3 3.38 

The r e s u l t i n g A - B r e l a t i o n s h i p f o r the m i s o r i e n t a t e d g r a i n can now be 

obtained from equation 3.37 and 3.38 provided t h a t the v a r i o u s values of v can 

be enumerated. 

From equation 3.24 

and 

V2 + V2 + V3 + V3 = 1 - ( v i + v i ) 

^ 2 ^ + V2^ + V 3 I + V3I = 1 - ( v i l + v j l ) 
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Therefore, equation 3.37 f u r t h e r s i m p l i f i e s t o 

net 1 . Xjoo ( i - cos2 B) 
4 3 

3.39 

Simmons and Thompson (21) have shown, f o r a g r a i n e x h i b i t i n g yaw only 

and having a domain s t r u c t u r e corresponding t o a w e l l d e f i n e d Stress P a t t e r n I 

(as p o s t u l a t e d by Corner and Mason (14) due t o an e x t e r n a l compressive s t r e s s 

along the r o l l i n g d i r e c t i o n ) t h a t a value f o r ( v j + v j ) - the t o t a l volume 

f r a c t i o n of domain along [oof] and [ooT] - i s given by 

1 + v i = d VT 

4t 3.40 

where d i s the average spacing between the [oof] d i r e c t i o n surface c l o s u r e 

domains, and t i s the sheet t h i c k n e s s . This s t r u c t u r e has been shown i n 

F i g . 3.4 ( d ) . 

A value f o r ( v i ^ + v i ^ ) was also found by these authors on the assumptions 

t h a t (1) the volume f r a c t i o n s V3^ and V3^ are equal i n the magnetised s t a t e and 

t h a t V2^ = V2^ = 0, so t h a t there w i l l be no net component of f l u x normal to 

the sheet plane; (2) t h a t a l l a n t i - p a r a l l e l main domains ( v i M have been 

e l i m i n a t e d . 

Thus from equation 3.25 

Bg = v i ^ Mg Zi 
Bg 

or M- cos 6 

3.41 
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S u b s t i t u t i n g the above c o n d i t i o n s i n t o equation 3.39 g i v e s , f o r the net 

change i n s t r a i n d u r i n g magnetisation to Bg of a g r a i n e x h i b i t i n g Stress 

P a t t e r n I i n the demagnetised s t a t e : 

\et = f ^100 ( 1 - c o s 2 B) 
d /2 Bg 

Mg cos B 

3.42 

This i s i d e n t i c a l t o the equation d e r i v e d by Simmons and Thompson from 

the p a r t i c u l a r instance of a g r a i n e x h i b i t i n g an angle of yaw (9) o n l y . 

From equation 3.36 and 3.42, i f the t i m e - v a r i a t i o n of the i n d u c t i o n i s 

known then the time v a r i a t i o n of A can be deduced, since both equations show a 

d i r e c t r e l a t i o n s h i p between A and B. By expressing the magnitude of any 

harmonics as a percentage of the fundamental, a comparison of these harmonics 

may be made f o r changes i n the i n d u c t i o n w i t h o u t the need to know the constants 

i n the equations f o r a given g r a i n . 

A g e neralised s o l u t i o n would be arduous i f B i s taken to c o n t a i n a s e r i e s 

of *n' harmonics.. However, an i n d i c a t i o n of the e f f e c t s produced may be 

assessed by assuming t h a t B c o n s i s t s of a fundamental and a 3rd harmonic o n l y . 

This i s not unreasonable s i n c e , assuming t h a t the e x c i t a t i o n v o l t a g e i s 

s i n u s o i d a l of a s i n g l e frequency (o)), B cannot c o n t a i n even harmonics since the 

B-H r e l a t i o n s h i p i s an odd f u n c t i o n ( 3 4 ) . Furthermore, the 3rd harmonic i s 

e x p e r i m e n t a l l y known to be predominant (29, 3 0 ) . 

Not o n l y must the magnitude (p) of the harmonic be considered but a l s o 

i t s phasor r e l a t i o n s h i p ( y ) to the fundamental. Since the two phasors are 

r o t a t i n g at d i f f e r e n t angular v e l o c i t i e s , i t i s necessary to d e f i n e y> and t h i s 

has been done w i t h reference to F i g . 3.6 (a) such t h a t y represents the angle 

between the zero crossings of the phasors when they are both going p o s i t i v e . 
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FIG. 3.6.(a), 

Y = 0 

FIG. 3.6.(b), 

-y = IT 

FIG. 3.6. Defining the Phasor Relationships of the 

Induction 1st & 3rd Harmonics. 



The magnitude of Y w i l l be r e l a t e d to the p e r i o d of the t h i r d harmonic, as 

shown i n F i g , 3.6 ( b ) . 

I n a d d i t i o n , the e f f e c t s of h y s t e r e s i s must be taken i n t o account whereby 

the m a g n e t o s t r i c t i o n appears t o l a g the i n d u c t i o n , as shown i n the t y p i c a l 

" b u t t e r f l y " loop of F i g . 3.7 (a) taken d u r i n g the course of t h i s i n v e s t i g a t i o n . 

The extent t o which any h y s t e r e s i s i s present may be approximated by the angle 

a, r e p r e s e n t i n g the l a g , as shown i n F i g . 3.7 ( b ) . 

Therefore the i n d u c t i o n may be expressed as a f u n c t i o n of t i m e , w i t h 

respect t o the m a g n e t o s t r i c t i o n , by the equation 

B ( t ) = B [ s i n ( w t + a) + p s i n (3 oi t + a ± y ) ] 3:43 

Now equation 3.36 or 3.42 may be w r i t t e n i n the form 

A ( t ) = k i + k2 | B ( t ) | 3^^^ 

where k^, k2 represent the constants contained i n those equations. The 

magnitude of B i s considered since the s t r a i n w i l l be u n i d i r e c t i o n a l f o r each 

h a l f c y c l e o f magnetisation. 

Hence, from equation 3.43 and 3.44 

A ( t ) = k i + k2 B I sin(ajt + a) + p s i n ( 3 ( j J t + a ± Y ) | .....3.45 

Equation 3.45 may be w r i t t e n i n terms of the F o u r i e r s e r i e s : 

X ( t ) = f£. + E (aji cos 2n art + bn s i n 2n tot) 3.46 
2 n=l 

where the c o e f f i c i e n t s are obtained (34) from the standard F o u r i e r expressions: 

an = ^ r'^ ^ ( t ) . cos 2n o j t . d t . 

bn 

3.47 

( 

X ( t ) , s i n 2n w t . d t . 
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F I G . 3 . 7 . { a ) . T y p i c a l M a g n e t o s t r i c t i o n 

B u t t e r f l y " L o o p . 

F I G . 3 . 7 . ( b ) . D e m o n s t r a t i n g t h e Ang le of L a g 

R e p r e s e n t i n g M a g n e t o s t r i c t i o n H y s t e r e s i s 



By expanding equation 3.45, s u b s t i t u t i n g i n t o equations 3.47 and s o l v i n g . 

% = 
4k2 B cos a 

l-4n-
+ 3p cos (g ± Y ) 

9-4n2 

4k2 B 2n s i n a 
4n2 - 1 

+ 2np s i n (a + y) 
4n2 - 9 

Taking values f o r n of 1, 2 and 3, corresponding t o the f i r s t t h r e e 

harmonics of m a g n e t o s t r i c t i o n , and A 3 , then 

2P. cos (a ± Y ) 
5 

_ 1 ^ cos a 
3 

cos 2 (ot + i . s i n a - 2p s i n (a± Y ) 
5 

s i n 2 to t 

Ao GC- 3P - L 
JL cos (a ± Y) + 1 5 cos a cos 4 wt + 

oC- 2£. cos (a ± Y ) + 35 35 cos a cos 6 (iJt + 

15 s i n a + 4p s i n (a ± Y ) 
T 

35 s i n a + 6p s i n (a ±Y ) 
27 

s i n 4 w t 

s i n 6 (Ot 

By a l l o w i n g a, Y and p t o take s e l e c t e d values, and by expressing the 

second and t h i r d harmonics as a percentage of the fundamental so t h a t the 

constants may be ignored, then the r e l a t i v e dependance of the harmonics upon a, 

Y and p may be examined. 

The l e v e l s of p chosen are t y p i c a l of the e x p e r i m e n t a l l y measured values i n 

the T - j o i n t s o f power tr a n s f o r m e r s ( 3 0 ) . The values of a were s e l e c t e d by 

drawing " b u t t e r f l y " loops corresponding i n shape t o those e x p e r i m e n t a l l y 

observed, and measuring t h e angle o f l a g (see F i g . 3.7 ( b ) ) . Values of Y were 

taken a r b i t r a r i l y i n the range 0 t o ± 7 r . 
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S o l u t i o n of the equations was made on a Z80 micro-co"^ puller, and the 

programme used i s shown i n F i g . 3.8. A set of s o l u t i o n s f o r the case when 

p = 10% i s shown i n F i g . 3.9 i n which J represents a over the range 0°, 5°, 

10° and 15°, and R represents y over the range -TI to +Tr. 

The r e s u l t s are shown i n the graphs of F i g s . 3.10 and 3.11, f o r the 

cases when a = 0° and 10°, f o r the 2nd and 3rd percentage m a g n e t o s t r i c t i o n 

harmonics. 

The f o l l o w i n g observations may be made from these r e s u l t s ; -

(1) t h e r e i s a dramatic increase i n b o t h the 2nd and 3rd harmonics 
I 

o f m a g n e t o s t r i c t i o n f o r increases i n 3rd harmonic of i n d u c t i o n ; 

(2) there may be l a r g e v a r i a t i o n s i n both higher harmonics of 

m a g n e t o s t r i c t i o n f o r changes i n the phase r e l a t i o n s h i p s between 

the 1st and 3rd harmonics of i n d u c t i o n . 

3.4 Summary 

The proceeding t h e o r e t i c a l d i s c u s s i o n i n d i c a t e s the dependence of 

m a g n e t o s t r i c t i o n harmonics upon s t r e s s and i n d u c t i o n l e v e l s w i t h i n the m a t e r i a l , 

and also on the d i s t o r t i o n of the f l u x waveshape, p a r t i c u l a r l y w i t h regard t o 

the phasor r e l a t i o n s h i p s of the f l u x harmonics. 

I n order to t e s t these r e l a t i o n s h i p s i t i s necessary to b u i l d an 

Apparatus w i t h which the i n d i v i d u a l m a g n e t o s t r i c t i o n harmonics w i t h i n a g r a i n 

may be measured, w h i l s t v a r y i n g the l e v e l s of s t r e s s and i n d u c t i o n , and a l s o 

measuring the amount of f l u x waveshape d i s t o r t i o n present. 

Such an Apparatus w i l l now be described i n the f o l l o w i n g Chapter, and the 

r e s u l t s obtained w i t h i t w i l l be described i n Chapter 5. 
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10 REM THEORETICAL Z MAGNETOSTRICTIOH HARMONICS 
20 P=0 
30 J-0 . 
40 R»-3.142 
50 FOR N°1T03 
60 A(N)-(COS( J ) / ( 1 - 4 * N ' f 2 ) ) + <3*Pi»iC0S<J+R)/(9-4'*Ht2) ) 
70 B(N)»<2*N«SIN< J ) / < 4 * N f 2 - l ) ) + (2*N*P*«<SIN(J+R)/<4»Nf 2-9) ) 
80 NEXTN 
90 K l o < A ( 1 ) f 2 + B < l ) f 2 ) f 0 . 5 
100 K 2 » ( A < 2 ) f 2 - i - B ( 2 ) f 2 } t 0 . 5 
110 K 3 o < A < 3 ) f 2 + B < 3 ) t 2 ) f 0 . 5 
120 PR(2)°INT< (K2/K1 )>«1 00^«100)/1 00 
130 PR(3.)oINT( <K3/K1 ) • I 00«10ff )/100 
140 PRINT "Ro"R, " J = " J , "P«'P, "PER2="PR<2), "PER3»"PR(3) 
150 R a I N K ( R + 3 . 1 4 2 / 6 ) * 1 0 0 0 ) / 1 0 0 0 
160 IFR<3.5 THENGOTO50 
170 LPRINT:LPRINT 
180 J»INT( < J+(5/18#)'*»3.142)*1 000 0 ) / 1 0 0 0 0 
190 IFJ<0.34THENOOTO40 
200 LPRIMTiLPRlNT 
210 P»INT( <P+0.1 )»*I0)/10 
220 IF,P<0.35THENGOTO30 
230 FOR PO0.1TO0.3STEP0.1 
240 NEXTP 
230 END 

>READY 

F I G . 3 . 8 . C o m p u t e r P rogramme for the s o l u t i o n of 

% M a g n e t o s t r i c t i o n H a r m o n i c s . 
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R — 3 . 1 42 J« 0 f a .1 P E R 2 0 6.05 P E R 3 0 4.43 
R«-2-6t9 J» 0 P« .1 PER20 1 0.64 P E R 3 o 5.68 
R = - 2 . 0 9A ' J« 0 P« . 1 PER2 = 1 8.34 P E R 3 * 8.21 
R«-t.573 J a 0 P« -1 PER2e 26.12 P E R 3 « 1 0.77 
R«-1-05 J s 0 P= .1 PER2- 33.06 PER3 = 1 2.82 
R=*-.527 Ja f r= .1 PER2 = 38.13 PER3 = 1 4.09 
R==-4E-e3 J» 0 .1 P E R 2 a 40.06 P E R 3 = 14.51 
R« .519 Jo 0 fo .1 P E R 2 0 38.19 P E R 3 = 14.1 
R= 1.042 J» 0 p» . 1 PER2 = 33.15 P E R 3 = 1 2.84 
R= 1.565 J» 0 p« . 1 PER2» 26.23 P E R 3 = 10.8 
R» 2.088 J» 0 p« . 1 P E R 2 0 1 8.46 P E R 3 = 8.25 
Ra 2.611 J = e f a .1 P E R 2 0 10-74 P E R 3 0 5.72 
R= 3.134 J» 0 P« .1 P E R 2 0 6.05 P E R 3 0 4.43 

R — 3 . 1 42 J a .0872 fa .1 P E R 2 0 7.54 P E R 3 0 5.47 
R « - 2 .A 1 9 J a .0872 fo .1 P E R 2 0 8.38 P E R 3 0 4.99 
R«-2.09A J» .1872 Po .1 PER2o 15-15 PER3 = 6.57 
R=»-1 .573 Jo .0872 fa .1 P E R 2 = 22-77 P E R 3 0 8.87 
R«-1.05 J« .•872 P« .1 P E R 2 0 30.1 6 P E R 3 = 1 1 -23 
R»-.527 J a .0872 fo .1 P E R 2 a 36.55 PER 3 a 13.51 
R»-4E-#3 J» .0872 pa .1 P E R 2 « 40.56 P E R 3 0 1 5.46 
R« .519 Ja .0872 fo .1 P E R 2 0 40-68 P E R 3 0 1 6.36 
R» 1.042 J» .»872 Po .1 P E R 2 0 36.8 P E R 3 0 15.71 
R» 1.565 Jo .0872 fa .1 P E R 2 = 30.2 P E R 3 0 1 3-69 
R» 2.088 J o .#872 P» .1 P E R 2 » 22-3 P E R 3 = 1 0-87 
R» 2 . A l l J - . f 8 7 2 P« . 1 PER20 1.4-2 P E R 3 = 7.88 
Ra 3.134 J» .0872 P« . 1 PER2» 7.6 P E R 3 0 5.49 

R»-3.1 42 Jo .1744 P" P E R 2 » 1 0.65 P E R 3 = 7.65 
R«-2.619 J o -1744 P« , 1 P E R 2 0 8.53 P E R 3 = 6.24 
R — 2 . 0 9 6 Jo .1744 fa , 1 P E R 2 0 13.5 P E R 3 0 6.79 
R«-1.573 Jo .1744 fa . 1 PER2 = 20.82 PER3» 8.77 
RBS-t .05 J o .1744 P« a 1 P E R 2 = 28.68 P E R 3 a 1 1 .53 
ROO-.527 Jo. .1744 pa . 1 P E R 2 » 36.23' P E R 3 0 1 4-75 
R a s - 4 E - I 3 Jo .1744 P" . 1 PER20 41 .86 PER3 = 1 7-73 
R« .519 Jo .1744 f a . 1 PER2« 43-47 P E R 3 0 1 9.32 
R» 1.042 Jo .1744 P« . 1 P E R 2 0 40.43 P E R 3 = 1 8.86 
R" 1.365 Jo .1744 fo , 1 P E R 2 a 34-04 P E R 3 0 16.7 
Ra 2.088 J o .1744 P« . 1 P E R 2 0 26-06 P E R 3 = 1 3.65 
R» 2.611 Jo .1744 fa . 1 P E R 2 0 17.83 P E R 3 0 1 0-42 
R" 3.134 Jo .1744 fa P E R 2 0 1 0.72 P E R 3 0 7.68 

R»-3.1 42 J« • 2616 Po P E R 2 0 1 3.96 P E R 3 0 9.99 
R — 2 . 6 1 9 J o .2616 po . 1 P E R 2 0 10.69 P E R 3 = 8.35 
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Rn»-1 .05 - J . .2616 po . 1 P E R 2 o 28.69 P E R 3 0 1 3.22 
R'=-.527 Jo ^.2616 po . 1 P E R 2 0 36.96 P E R 3 0 16.91 
R=-4E-»3 Jo .2616 fo 1 P E R 2 0 43.51 P E R 3 0 20.33 
Ro .519 Jo .2616 p» a t P E R 2 = 45.99 P E R 3 = 22.1 6 
Ra 1.042 Jo .2616 po . 1 P E R 2 = 43-5 P E R 3 0 21 -7 
R« 1.565 Jo .2616 po . 1 P E R 2 0 37.3 P E R 3 = 1 9.39 
R» 2.088 J» .2616 fo . 1 P E R 2 0 29.33 P E R 3 = 16-17 
Ra 2.611 Jo .2616 p« . 1 PER2<= 21-13 P E R 3 0 1 2-83 
R a 3.134 Jo .2616 p« .1 PER2« 1 4.04 PER3 = 1 0.02 
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CHAPTER FOUR 

THE EXPERIMENTAL DEVELOPMENT 

4.1 Domain Observation 

4. l . t o I n t r o d u c t i o n 

One of the f i r s t experiments demonstrating the electro-magnetic nature 

of l i g h t was performed by Faraday, who noted t h a t plane p o l a r i s e d l i g h t had 

i t s plane of p o l a r i s a t i o n r o t a t e d when t r a n s m i t t e d through m a t e r i a l magnetised 

along the d i r e c t i o n o f p o l a r i s a t i o n - the Faraday E f f e c t . 

A s i m i l a r e f f e c t was observed by Kerr i n 1876 f o r plane p o l a r i s e d l i g h t 

r e f l e c t e d from the p o l i s h e d surface o f an electro-magnet p o l e p i e c e . The 

r e f l e c t e d l i g h t i s e l l i p t i c a l l y p o l a r i s e d , w i t h the major axis of the e l l i p s e 

r o t a t e d s l i g h t l y w i t h r espect t o the i n c i d e n t beam. This i s the p o l a r Kerr 

E f f e c t ; the l o n g i t u d i n a l Kerr E f f e c t was discovered f o u r years l a t e r f o r the 

case when the m a g n e t i s a t i o n l a y along the surface of a magnetised m i r r o r . 

Not u n t i l t h e o r e t i c a l knowledge of domain behaviour and l i k e l y s t r u c t u r e s 

had been developed, and w i t h the a v a i l a b i l i t y of b e t t e r prepared m a t e r i a l s , d i d 

the f i r s t d i r e c t o b s e r v a t i o n of domains occur. B i t t e r (1) and Van Hamos and 

Thiessen (2) independantly suggested i n 1931 t h a t i f a f i n e powder of magnetic 

m a t e r i a l i s s p r i n k l e d on the surface of a magnetised specimen then s t r a y 

f i e l d s on the s u r f a c e , p a r t i c u l a r l y a t domain boundaries and other 

d i s c o n t i n u i t i e s , w i l l aggregate the p a r t i c l e s , enabling those d i s c o n t i n u i t i e s 

t o be observed. 

F i r s t attempts by B i t t e r and Van Hamos used a f i n e powder ( t h e Powder 

Technique) but i t was soon found advantageous t o use magnetic p a r t i c l e s i n true 

c o l l o i d a l suspension. This technique was f i r s t s a t i s f a c t o r i l y employed by 

McKeehan and Elmore (3) i n 1934 and has been r e f i n e d over the years t o enable 

high c o n t r a s t p a t t e r n s t o be obtained, p a r t i c u l a r l y when a p o l a r i s i n g f i e l d i s 
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a p p l i e d normal t o the surface ( 4 ) . The c o l l o i d p a r t i c l e s are a t t r a c t e d t o 

domains having a normal component of magnetisation i n the same sense as the 

ap p l i e d f i e l d and represent an image of the domain surface. When domain 

magnetisation i s wh o l l y i n the plane of the specimen o n l y the domain w a l l s 

w i l l be made v i s i b l e . Various recipes f o r c o l l o i d s are given by Carey and 

Isaac ( 5 ) . 

The C o l l o i d Technique has proved to be successful on a wide range of 

m a t e r i a l s and su r f a c e s , b ut i s l i m i t e d t o s t a t i c or q u a s i - s t a t i c c o n d i t i o n s o f 

domain motion, and so w i l l not be s u i t a b l e f o r t h i s i n v e s t i g a t i o n under dynamic 

c o n d i t i o n s . 

A l t e r n a t i v e techniques f o r domain o b s e r v a t i o n u t i l i s e the v a r i o u s 

adaptions of e l e c t r o n beam technology, or the use of f i e l d probes. 

Transmission microscopy r e q u i r e s a m a t e r i a l transparent to the e l e c t r o n 

beam - not the case i n t h i s i n v e s t i g a t i o n . R e f l e c t i o n microscopy r e q u i r e s 

extreme care i n image i n t e r p r e t a t i o n and the apparatus i s exc e s s i v e l y complex 

and expensive - beyond the scope of t h i s i n v e s t i g a t i o n , A t h i r d technique 

i n v o l v e s passing a high i n t e n s i t y e l e c t r o n beam a t gra z i n g incidence t o the 

specimen sur f a c e ; t h i s Shadow Technique a l s o r e q u i r e s c a r e f u l image 

i n t e r p r e t a t i o n and ela b o r a t e equipment. 

The H a l l E f f e c t f i e l d probe was e x t e n s i v e l y developed by Kostysheyn et. a l . 

(6) i n 1959 f o r domain mapping and the technique has r e c e n t l y been r e f i n e d to 

produce domain boundary maps ( 7 ) . However, due to i t s l i m i t e d r e s o l u t i o n , and 

the consequences of la r g e s t r a y f i e l d s i n magnetised specimens producing 

spurious H a l l v o l t a g e s , i t s use on bu l k specimens i n any c o n d i t i o n o t h e r than 

the demagnetised s t a t e reduces i t s use to p l o t t i n g a s t a t i c c o n d i t i o n . The 

Permalloy Probe, f i r s t described by Kaczer (8) i n 1955, i s as l i m i t e d as the 

H a l l Probe, and both r e q u i r e s o p h i s t i c a t e d m a n i p u l a t i n g techniques. 
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The electro-magnetic, o p t i c a l e f f e c t s of Faraday and Kerr thus appear t o 

be the o n l y s u i t a b l e a l t e r n a t i v e s f o r t h i s i n v e s t i g a t i o n . The r o t a t i o n 

experienced by the plane of p o l a r i s a t i o n of l i g h t i s dependant on the d i r e c t i o n 

of m a g n e t i s a t i o n , amongst other v a r i a b l e s ( 9 ) . I n the case of two adjacent 

domains w i t h a n t i - p a r a l l e l m a g n e t i s a t i o n , r o t a t i o n s w i l l occur i n opposite 

d i r e c t i o n s , and i f the r e f l e c t e d or t r a n s m i t t e d beam i s viewed through an 

analysing p o l a r i s e r the two domains w i l l appear as adjacent l i g h t and dark 

p a t t e r n s . 

The Faraday E f f e c t i s o b v i o u s l y l i m i t e d t o n a t u r a l l y t r ansparent m a t e r i a l s 

or those which can be made t h i n enough t o become t r a n s p a r e n t . I t was f i r s t 

used by Fowler and Fryer (10) i n 1956 on n i c k e l - i r o n f i l m s , but i s of no 

c o n s i d e r a t i o n f o r t h i s i n v e s t i g a t i o n using b u l k m a t e r i a l s . 

The Kerr E f f e c t appears i d e a l l y s u i t e d f o r surface o b s e r v a t i o n of under

l y i n g domain s t r u c t u r e s . The Polar E f f e c t , f i r s t discovered, where the 

magnetisation i s normal t o the r e f l e c t i n g s u r f a c e , has been used f o r the study 

of c r y s t a l s by W i l l i a m s , Foster and Wood ( 1 1 ) , but i t s uses i n ferromagnetic 

s t u d i e s are l i m i t e d mainly because p o l a r magnetisation r a r e l y occurs. The 

Transverse E f f e c t , where the magnetisation i s i n the plane of the r e f l e c t i n g 

surface but al s o i n the plane normal t o the plane of incidence has r a r e l y been 

used i n domain s t u d i e s . Although the c o n t r a s t t h a t can be obtained i s very 

h i g h , i t i s necessary t o p e r f e c t a very p r e c i s e and a c c u r a t e l y phase a d j u s t e d 

l i g h t system ( 5 ) . 

The l o n g i t u d i n a l Kerr E f f e c t , when the magnetisation l i e s i n the plane of 

incidence as w e l l as the plane of the r e f l e c t i n g s u r f a c e , was f i r s t used by 

Fowler and Fryer (12) i n 1952 on s i l i c o n - i r o n c r y s t a l s , and has since been 

e x t e n s i v e l y developed f o r domain observations i n bu l k ferromagnetic m a t e r i a l . 

Due to the l i m i t a t i o n s of the other techniques discussed, and the r e l a t i v e ease 

w i t h which the l o n g i t u d i n a l Kerr E f f e c t can be set up and operated f o r dynamic 

domain obse r v a t i o n s , t h i s technique was chosen f o r use i n t h i s i n v e s t i g a t i o n . 



4.1.2 Apparatus 

The O p t i c a l System 

The L o n g i t u d i n a l Kerr E f f e c t system used i n t h i s i n v e s t i g a t i o n i s shown 

dia g r a m m a t i c a l l y i n F i g . 4.1, and a photograph of the complete system i s shown 

i n F i g . 4.2. 

The source (S) i s a 'Strobex* Model 70 h i g h i n t e n s i t y stroboscopic l i g h t 

powered from a 'Strobex* Model 99 power supply and t r i g g e r i n g c i r c u i t . (The 

e l e c t r o n i c c i r c u i t s d e r i v e d to supply the t r i g g e r i n g c i r c u i t are discussed i n 

the next s e c t i o n ) . This source i s mounted a t the centre of c u r v a t u r e of a 

concave m i r r o r (M) producing an i n v e r t e d , r e a l image a t the source. The 

i n t e n s i f i e d source i s placed w e l l w i t h i n the f o c a l plane of the f i r s t of two 

achromatic doublets (Ci) which produce a d i v e r g e n t beam of l i g h t from a 

m a g n i f i e d , v i r t u a l image. The second achromatic doublet ( C 2 ) i s then p o s i t i o n e d 

a t the f o c a l p o i n t of C\ producing a beam of near p a r a l l e l l i g h t . This beam 

i l l u m i n a t e s an a d j u s t a b l e i r i s ( I ) placed next t o C2 and the i n t e n s e l y 

i l l u m i n a t e d hole of the i r i s becomes the source f o r the r e s t of the o p t i c a l 

system. The i r i s i s set a t a diameter o f 6 mm. The achromatic doublets are 

chosen to give minimum s p h e r i c a l a b e r r a t i o n and good chromatic c o r r e c t i o n , as 

w e l l as having low f-numbers and l a r g e apertures f o r maximum l i g h t transmittance 

(1 3 ) . 

Lens' L i and L2 then focus the l i g h t spot onto the specimen s u r f a c e . L2 

i s chosen to have a l a r g e f o c a l l e n g t h so t h a t the i n c i d e n t beam remains n e a r l y 

p a r a l l e l ; thus when passed through the f i r s t p o l a r i s e r ( P j ) a reasonably plane, 

p o l a r i s e d l i g h t beam i s achieved. However, since the l e n g t h of the i n c i d e n t 

beam was r e s t r i c t e d t o about 300 mm, and as i t i s necessary to focus the l i g h t 

spot a t the specimen surface, the f i r s t f o cussing lens ( L i ) i s i n t r o d u c e d . This 

lens i s p o s i t i o n e d so t h a t the source l i e s w i t h i n i t s f o c a l plane, and a v i r t u a l , 

m agnified image i s produced e f f e c t i v e l y i n c r e a s i n g the source d i s t a n c e f o r L2. 
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The lens L2 can then focus the spot onto the specimen at the required po s i t i o n 

by judicious manipulation of the positions of and L2. I n addition the image 

formed by L2 w i l l be diminished, and the overa l l magnification v i l l depend on 

the position of Li and L2- For the dimensions shown i n Fig. 4.1 the o v e r a l l 

magnification of the l i g h t source i s - I . I X , giving a l i g h t spot of about 7 mm. 

major axis at the specimen. 

The re f l e c t e d l i g h t beam i s then passed through the second polariser (P2) 

and a low power microscope. The objective lens (L3) has a long focal length to 

achieve a large depth of f i e l d and reduce focussing problems at the edges of 

the l i g h t spot. This lens would form a magnified real image further along the 

l i g h t path, but the beam i s interrupted by the microscope ocular. The ocular 

used i s a standard Huygens eye-piece of magnification 7X, and the f i e l d lens 

( L i t ) focuses the image at the f i e l d stop (F). 

As F i s at the focal point of the eye-lens (L5) a p a r a l l e l beam of l i g h t 

i s produced which i s refocussed by the observers' eye. In addition, a 

micrometer g r a t i c u l e i s placed at the f i e l d - s t o p , and by focussing the 

microscope onto a metric scale placed at the specimen position the magnification 

can be adjusted so that the apparent size of the object at the eye-piece can be 

measured. For the positions shown i n Fig. 4.1 the o v e r a l l magnification i s -14X. 

Rotational adjustment of the polarisers was achieved by mounting them i n 

tubes which were s l i d i n g f i t s i n t o an outer sleeve. The polarising elements 

chosen were of the c o l l o i d f i l m type having an orientated molecular structure, 

enabling very high e x t i n c t i o n r a t i o s to be achieved, w i t h a crossed transmittance 

of 0.00015%, representing an e x t i n c t i o n r a t i o of -100 dB. 

With t h i s system sa t i s f a c t o r y domain observations were achieved f o r a 

range of angles of incidence, but mainly for p r a c t i c a l convenience i n the space 

available the f i n a l angle was set at 44°. 

For permanent reproduction of domain structures a camera having a 

microscope ocular attachment was used, f i t t e d to the steel c a r r i e r s f o r alignment 

of the o p t i c a l system. The camera i s shown i n position i n Fig. 4.2. 
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specimen Preparation: 

Because of surface stresses induced by mechanical f i n i s h i n g , which obscure 

the true nature of domain structures i n ferromagnetic specimens, and also 

because the Kerr Longitudinal Effect must be enhanced by non-reflecting coating 

techniques, specimen preparation i s c r i t i c a l . Mechanically finished (lapped) 

specimens must be s t r a i n - r e l i e f annealed and the Kerr Effect enhanced using a 

zinc-sulphide layer to obtain m u l t i p l e r e f l e c t i o n s , as described by Kranz and 

Dreschel (14). 

I t was decided to work with half-Epstein samples of material, these being 

the size conventionally adopted for such investigations as covered by t h i s work 

as well as being convenient to obtain and handle. The f i r s t step i s Co remove 

the i n s u l a t i n g surface coating put on during the manufacturing process by 

p i c k l i n g the samples i n a 50% solution of hydrochloric acid for about t h i r t y 

minutes. The specimens were then neutralised by d i l u t e sodium hydroxide solution 

and washed throughly. Polishing of the surface to produce the high l e v e l of 

r e f l e c t i v i t y required was commenced with 300 g r i t size 'wet and dry* hand 

polishing under running water, with the specimen mounted on a mangetic block. 

Only the central 23 mm. were polished. As the surface improved, the g r i t size 

was decreased through 400 to 600 g r i t u n t i l an *eye-flat* mirror was produced. 

The f i n a l p o l i s h was achieved using a mechanical rotary polisher w i t h 

2 pm. diamond paste. This was only carried out f o r about one minute as i t has 

been found that excessive polishing can give r i s e to an 'orange-peel* e f f e c t 

when subsequently viewing the specimen under high i n t e n s i t y i l l u m i n a t i o n required 

by the Kerr Effect ( 9 ) . 

In order to enhance the degree of r o t a t i o n of the re f l e c t e d polarised l i g h t 

beam, a quarter-wavelength layer of zinc-sulphide i s then vacuum e l e c t r o -

deposited on the surface. Judgement of t h i s process i s very c r i t i c a l and the 

author was pleased to use the experience of other workers to obtain t h i s surface 

blooming (see Aknowledgements). 
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Since a l l the above processes w i l l stress the specimen, which w i l l be 

detrimental to the domain structure, i t i s then necessary to stress-relieve 

anneal the material. This was achieved by mounting several prepared specimens 

in a clamp made from non-magnetic stainless s t e e l , whereby the weight of a 6 mm. 

thick plate provided adequate pressure to f l a t t e n the specimens. This assembly 

was then placed i n a vacuum furnace and the temperature raised to 800°c i n about 

one hour, held at that temperature f o r one hour, and then allowed to cool slowly 

over about twenty-four hours. 

Stroboscope Triggering 

Since the specimen i s under dynamic e x c i t a t i o n , d i r e c t observation of 

domain surface closure structures w i l l only be possible i f the l i g h t source i s 

stroboscopically triggered from either the specimen e x c i t a t i o n or some waveform 

locked to i t . An advantage i s obtained i f the t r i g g e r i n g point can be derived 

from any point on the waveform, enabling domain patterns to be observed at any 

value of e x c i t a t i o n and to be slowly 'swept' through a range of magnetisation 

levels. 

Various methods of achieving t h i s have been achieved by other workers 

(4, 9, 27), a l l based on the method of varying the time constant of passive R-C 

networks which control the operating c h a r a c t e r i s t i c of a valve or operatical 

a m p l i f i e r . This indeed was the basic method employed f o r t h i s i n v e s t i g a t i o n , 

but a novel means of determining the i n i t i a l t r i g g e r i n g point was selected i n 

order to achieve 'sweeping' of the e x c i t a t i o n waveform over a f u l l 360*^, and 

even through the zero crossings of that waveform. 

The complete c i r c u i t diagram for the t r i g g e r c i r c u i t i s shown i n Fig. 4.4 

with a schematic diagram i l l u s t r a t i n g the various stages of operation shown i n 

Fig. 4.5. 

The input stage of the c i r c u i t i s a SN 710 Voltage Comparator, the output 

of which changes state from a high to a low logic l e v e l when the d r i v i n g signal 
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exceeds a reference voltage, and vice-versa. By making the reference l e v e l 

ground p o t e n t i a l , the pulse generator can be made v i r t u a l l y independant of 

d r i v i n g signal l e v e l down to about 100 mV. A l t e r n a t i v e l y , by varying the 

reference level either side of ground p o t e n t i a l the edges of the output pulse 

from the imput stage can be moved about the zero-crossings of the d r i v i n g 

signal waveform. This may be of advantage when the d r i v i n g signal i s derived 

from the specimen magnetisation, when the reversals of domain behaviour around 

the zeros of f l u x density w i l l be of i n t e r e s t . I t also avoids the necessity to 

switch the d r i v i n g signal i n order to achieve a f u l l 360*̂  sweep of the input 

period. 

The f i r s t stage output pulse exhibits undesirable q u a l i t i e s such as 

hysteresis, noise and overshoot of the pulse edges. The pulse i s cleaned-up by 

passing through a 7413 Schmitt Trigger, before going to the next stage which i s 

one half of a 74123 Dual Monostable Vibrator. 

This monostable can be triggered by either the leading or t r a i l i n g edges 

of the Schmitt t r i g g e r output, by switching at i t s input terminals. This 

increases the o v e r a l l v e r s a t i l i t y of the pulse generator, although complete 

coverage of the d r i v i n g signal waveform can be achieved without i t . The length 

of the output pulse derived from the f i r s t half of the monostable i s controlled 

by external, timing capacitors and r e s i s t o r s , the values of which are adjusted 

so that the negative-going edge of the pulse may be swept across v i r t u a l l y the 

complete d r i v i n g signal period to w i t h i n a few degrees of the zero crossings. 

Adjustment of the reference l e v e l at the input stage completes the sweep, 

passing up to and through the zero-crossings. 

The pulse thus formed i s then passed to the second hal f of the dual 

monostable which i s triggered by the negative going edge which can, as described 

above, be positioned at any point w i t h reference to the d r i v i n g signal period. 

The length of the output of the second half i s again controlled by external, 

passive, timing resistors and capacitors which are selected to produce a pulse 
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width much smaller than the period of the input d r i v i n g signal. This output 

pulse may be swept smoothly across the period of the d r i v i n g signal by 

adjustment to the input stage reference level and/or the adjustable r e s i s t o r i n 

the f i r s t half of the dual monostable. Sweeping is continuous through the zero 

crossings of the input waveform, i n either d i r e c t i o n . 

F i n a l l y , a f i x e d gain 741 operational amplifier i s used to increase the 

pulse from i t s positive l o g i c l e v e l to about 13V as required by the Strobex 

Trigger C i r c u i t . 

The pulse generator w i l l accept v i r t u a l l y any waveshape d r i v i n g s i g n a l , 

provided that the signal l e v e l does not exceed the reference l e v e l more than 

once per half cycle i n either d i r e c t i o n . The frequency response i s l i m i t e d at 

the top end by the influence of stray capacitance, and w i l l work down to a 

*one-shot' type of operation provided that the reference level i s exceeded once. 

A disadvantage becomes apparent i f , when examining domain structures at a 

p a r t i c u l a r point on the magnetisation curve, the effect, of frequency v a r i a t i o n 

i s required. As the pulse widths are determined by passive devices t h e i r 

positions w i l l not be f i x e d to the d r i v i n g signal waveform i f the frequency i s 

changed. However, by making the pulse width of the f i r s t half of the dual 

monostable very small compared to the d r i v i n g signal period, the leading edge of 

the output pulse from the generator i s v i r t u a l l y at the same point on the wave

form as the i n i t i a l t r i g g e r i n g point of the f i r s t stage voltage comparator. 

This point i s f i x e d to the d r i v i n g signal and w i l l stay at the same point on 

the waveform as the frequency i s varied. As previously described, t h i s 

reference point may be adjusted, but as the input l e v e l must exceed the 

reference level i n either d i r e c t i o n , complete coverage of the waveform cannot 

now be obtained. However, by switching the input to the f i r s t half of the dual 

monostable as described both sides of the waveform may be swept to w i t h i n about 

100 mV of the peaks, on a waveform of approximately 5 V peak to peak amplitude. 

A further disadvantage i s apparent i f , when examining domain structure at 

a p a r t i c u l a r point on the magnetisation curve, the amplitude of the d r i v i n g 
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signal i s required to be varied. I f the pulse i s being derived by adjustment 

of the reference l e v e l , then the t r i g g e r i n g point w i l l e f f e c t i v e l y move as the 

input amplitude varies. This i s easily overcome by pu t t i n g the reference l e v e l 

to ground p o t e n t i a l , and s e t t i n g the pulse p o s i t i o n by adjustment to the timing 

controls of the f i r s t half monostable. 

I t w i l l be appreciated, therefore, that t h i s device i s v e r s a t i l e enough 

to cover most requirements for domain observation under varying conditions of 

both frequency and amplitude, as well as s a t i s f y i n g the basic requirement f o r 

smooth, continuous pulse positioning w i t h respect to an input signal. I n 

practice the input signal was derived from a master o s c i l l a t o r which also 

supplied the specimen e x c i t a t i o n and waveshape control c i r c u i t s (to be described 

i n l a t e r sections), but any waveform locked to the specimen e x c i t a t i o n would be 

sati s f a c t o r y . 

4,2 Magnetostriction Measurement 

4.2.1 Introduction 

Various methods are available f o r the measurement of bulk s t r a i n i n a 

material, that i s , the t o t a l displacement over the whole length. Capacitive 

transducers r e l y i n g on a change i n plate separation have been used (15, 16, 17) 

and inductance transducers as well (18). Direct observations using o p t i c a l 

systems with high magnification ( l i g h t levers) have been developed (19, 20) and 

the principles of interferometry have also been applied (21). The disadvantage 

of the transducer method i s that i t cannot be applied to measurements w i t h i n 

the bulk of the material, and a disadvantage of o p t i c a l methods i s the le v e l of 

sophistication required by the apparatus. 

Strain gauges have been successfully developed f o r magnetostriction 

measurement (22, 23, 24) with the advantages of being r e l a t i v e l y cheap, and 

having r e l a t i v e l y simple associated electronics. They are also easily adapted 

to measuring a x i a l components of s t r a i n - rosette gauges for example. The major 

disadvantage of s t r a i n gauges for the purposes of t h i s investigation i s that 

they are permanent f i x t u r e s and, even with the miniature devices now available, 
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w i l l be resolving a s t r a i n component over a f i n i t e area, not at a point or 

between two points on the surface. 

For those reasons i t was decided to adopt the method f i r s t used by 

Neurath (25) and developed by Brownsey and Maples (26), who used ceramic pick

ups of the type employed i n record players. This method has been highly 

developed, notably by Simmons (27), who adapted i t by the use of two transducers 

set up to measure the d i f f e r e n t i a l displacement occuring between the two s t y l i i 

points set a small distance apart on the specimen surface. 

A coimnercially manufactured instrument consisting of a piezo-electric 

c r y s t a l having two needles fixed 23 mm. apart i s available and has been employed 

for magnetostriction measurements (28), but i t was f e l t that the permanent 

f i x i n g of the needles, as well as the r e l a t i v e inaccuracy of the instrument, 

were a disadvantage to t h i s i n v e s t i g a t i o n . As w i l l be shown, the separation of 

the measuring points greatly affects the accuracy of measurement. 

Fig. 4.6 shows the essential constructional features of a stereo ceramic 

cartidge commonly available for record players. For an ideal transducer having 

i d e n t i c a l piezo-electric crystals i n both channels with perfect alignment, the 

output signals from each channel due to v e r t i c a l motion of the stylus w i l l be 

equal i n magnitude and phase, since the bending moment fo r each c r y s t a l w i l l be 

v e r t i c a l i n both magnitude and sense. With horizontal motion of the s t y l u s , the 

outputs i n the two channels w i l l be equal i n magnitude but opposite i n p o l a r i t y 

i . e . , anti-phase. For transverse motion the stylus i s constrained by i t s f i x i n g 

arrangement but i f such motion i s allowed to occur then the two outputs w i l l be 

equal i n magnitude and, as for v e r t i c a l motion, i n phase. This arrangement 

assumes that terminals 1 and 3, as depicted i n Fig. 4.6, are used as the ^ 

'common' terminals. 

Hence, i f the difference between the two output signals i s taken by 

connection to a d i f f e r e n t i a l amplifier of suitable input impedence, then any 

response due to v e r t i c a l or transverse motion w i l l be cancelled, leaving a 

signal e n t i r e l y due to horizontal motion of the stylus. 
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I f two such transducers are now positioned so that each i s experiencing 

a complex motion containing components along each of the three axes, and the 

outputs from the two d i f f e r e n t i a l amplifiers connected to each transducer are 

connected to a further difference a m p l i f i e r , then the f i n a l output w i l l be 

proportional to the difference i n motion along the horizontal axis. No 

component due to v e r t i c a l or transverse motion w i l l appear. 

This arrangement i s ideal f o r the measurement of magnetostrictive strains 

occurring i n s i l i c o n - i r o n , when i t i s required to measure the d i f f e r e n t i a l 

motion between two points w i t h i n the boundaries of a grain, and at the same 

time eliminating any v e r t i c a l ( i . e . , normal to the sheet plane) v i b r a t i o n due 

to magnetisation under compressive stress and any v i b r a t i o n transverse to the 

d i r e c t i o n of i n t e r e s t . 

Of course, i n practice, i t i s necessary to depart from the ideal,, and 

consideration has to be given to the f a c t that the transducer w i l l not behave 

as previously described. Thus the two crystals w i l l not be i d e n t i c a l or 

symmetrically positioned so that the output s e n s i t i v i t i e s w i l l be dependant on 

v i b r a t i o n magnitudes and frequency. Even with transducers c a r e f u l l y b u i l t by 

hand i t was found that s e n s i t i v i t i e s varied s i g n i f i c a n t l y , not only between 

channels but between transducers. Thus i t would be necessary, i n the case of 

a double-transducer arrangement, to have to deal with twelve d i f f e r e n t 

s e n s i t i v i t i e s . • 

To s i m p l i f y the problem, the response of one a x i a l motion would have to 

be ignored. The transverse d i r e c t i o n was selected for t h i s since, not only 

is the stylus physically restrained i n t h i s d i r e c t i o n , but l a t e r experimental 

evidence showed that the transducer output due to transverse motion was less 

than 5% of that due to v e r t i c a l or horizontal motion. Further, i t was found 

that the s e n s i t i v i t i e s to t h i s a x i a l motion were much more equal between 

channels then f o r the other two a x i a l displacements. 
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I t remained, therefore, to provide a system requiring only the nulling of 

v e r t i c a l components and catering for the difference i n s e n s i t i v i t i e s between 

channels and transducers. In addition, i t was necessary to improve the 

technique to allow for measurements at the harmonic frequencies i n the 

magnetostriction. 

This approach has extended and improved on the double-transducer technique 

developed by Simmons ( 2 7 ) . 

In order to assess the degree of refinement required, an error analysis was 

undertaken as follows. 

4.2«2« Error Analysis 

The error i n the output from the d i f f e r e n t i a l pre-amplifier fed from the 

two transducers w i l l be due to 

( 1 ) any phase s h i f t s introduced by the transducers, the pre-amplifier, 

or both 

and ( 2 ) any differences i n gain between the two channels of the pre-amplif i e r 

or differences between the transducer s e n s i t i v i t i e s . 

Consider the two signals to be measured, Ai and A2i where Aj > A2 and 

Ai - A2 (= AA) i s the required r e s u l t . Assume that Ai and A2 are i n phase, 

as shown i n Fig. 4.7, ( a ) . 

Let the o v e r a l l gains of the two channels (which w i l l include the 

transducer s e n s i t i v i t i e s ) be Ki and K2, where K̂  > K2, and l e t the t o t a l phase 

s h i f t s introduced by each channel be 9i and 82. 

The r e s u l t i n g output from the system w i l l then be as shown i n Figs. 4.7, 

(b) or (c) where i s the output when the channel with the higher gain i s 

sensing the larger of the two signals, and R̂- i s the output when the channel 

with the higher gain i s sensing the lower of the signals, 

and R̂  w i l l be defined by 

Rn cos (J.n = Ki A I cos - K2 A2 cos 62 4.1 

Rjj sin = Ki A ^ sin + K2 A2 sin 62 A.2 
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cos (i>r. = Ki A2 cos 61 - K2 Ai cos 62 4.3-

sin <*î  = Ki A2 sin + K2 Â  sin 62 4.4 

Squaring and adding equation 4,1 and 4.2, and equations 4.3 and 4,4 gives 

Rn^ = (Ki Ai)2 + (K2 A2)2 - 2Ki Aj A2 cos (61+62) 

or = (KiAi - K2A2)2 + 2Ki K2 A2 Q " cos (61 + 62)] ^ 3 

and R̂ 2 = A2)^ + (Kj A i ) ^ - 2Ki K2 Ai A2 cos (61 + 62) 

or R̂ 2 = (1̂ 2 _ ^2)2 + 2Ki K2 Ai A2 [1 - cos (61 + 62)] 4.6 

In addition, the phase angles of the outputs with respect to the input 

signals w i l l be given by 

Ki Ai sin 61 + K2 A2 sin 62 A 7 
tan ((.n = "̂ '̂  

Ki Ai cos 81 - K2 A2 cos 82 

Ki A2 sin 61 + K2 Ai sin 62 

Ki A2 cos 61 - K2 Ai cos 82 ^.8. 
tan 

A complete analysis of equations 4,5 to 4.8 i s extremely arduous, but 

certain simplyfying assumptions may be made i n order to determine the worst 

possible error, so that the s i g n i f i c a n t factors contributing to that error may 

be i d e n t i f i e d . 

Thus i f there i s no phase error (Sj = 62 = 0) the error in magnitude may be 

eliminated by taking the sum of R̂  and Rr> since, for t h i s case, 

Rn = Ki Ai - K2 A2 and R̂. = K2 Ai - Ki Aj 

Hence 

R̂  + R̂  = Ki (Ai - A2) + K2 (Ai - A2) 
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°^ = Ai - A2 = M, the required r e s u l t . 
Ki + K2 

There i s no s i m i l a r , easy solution when the phase error is introduced. 

Expressions for the t o t a l percentage error i n the output signal may be 

obtained from equation 4.5 and 4.6 as follows. 

Referring a l l quantities to t h e i r lowest values, l e t 

y = " A2 = AA so that Ai = ( 1 + A2 4 9 
1 0 0 A2 A7 

where y represents the percentage difference i s the signals to be measured, and 

l e t 

JC_ = Ki - K2 so that Ki = . X . K2 , 
1 0 0 K2 ^ Too) "̂ -̂o 

where X represents the percentage difference i n channel gaing, and l e t 

E ^ ^^^2 - AA ^^^^ R ^ 1 + ^ . 1 1 

AA K2 AA 1 0 0 

where E represents the percentage error i n the r e s u l t i n g output signal (R). 

In addition, i f the magnetostriction (X) of the specimen i s assumed to 

increase l i n e a r l y with distance from the fixed end of the specimen, as shown i n 

Fig. 4.7, ( d ) , then 

Ai = A (d + £), A2 = A £, AA = X d 

Thus 

AA _ y d 
A2 1 0 0 " I r so that Ai = (1 + r ) A2 4.12 

where r represents the r a t i o between the transducer separation (d) and the 

distance of the nearest transducer to the fixed end of the specimen (£). 
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From equations 4.5, 4.9, 4.10, 4.11 and 4.12 the percentage error (E^) i n 

the output signal when the channel with the higher gain i n sensing the larger 

of the two input signals w i l l be given by 

^2 

(1 - - D - 1 - 2 (1 - * r ) 1 - cos O i + 62) 

(1 *T5o) 

I f i t i s also assumed that = 82 = 6 then 

(1 + _ ^ ) 2 r2 = 
100 

_2 

( 1 . ^ X 1 . r ) - 1 + 2 (1 + y ^ ) ( l + r ) ( l - cos 2 e) 

4.13 

Si m i l a r l y , from equations 4.6, 4.9, 4.10, 4.11 and 4.12 the percentage 

error (E^) i n the output, when the channel with the highest gain i s sensing 

the lower of the two input signals, w i l l ; b e given by 

K P A ^ - 2 (1 - ^ r ) 1 - cos O i + 62) 

^ r 2 
(1 ^ T5o) 

Again assuming that 61 = 62 = 6 then 

_2 

+ 2 (1 + ^ ) ( l + r ) ( l - cos 2 e) 

4.14 
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Expressions f o r and the t o t a l phase e r r o r s i n the outputs f o r the 

two c o n d i t i o n s of channel connections, may also be obtained i n a s i m i l a r f a s h i o n 

Assuming t h a t 9 i = 62 = 6 then, from equations 4.7, 4.9, 4.10, 4.12, 

tan = tan 6 
4.15 

and tan (J), tan 6 from equations 4.8, 4.9, 4.10 

and 4.12. 

X X Note t h a t f o r -JQQ = 4)^ w i l l be 90°. For -^QQ ^ ^» which, as w i l l be shown 

l a t e r , i s u s u a l , then (fi^ < 90° and so the expression f o r becomes. 

tan (180 - = tan 6 2 + 100 + r 

r - 100 4.16 

Examination of equations 4.13 and 4.14 shows t h a t , f o r X > 0, E^ w i l l be 

l a r g e r than E^, so t h a t the worst magnitude e r r o r w i l l occur f o r the c o n d i t i o n 

when the channel w i t h the highest gain i s sensing the l a r g e r of the two i n p u t 

s i g n a l s . S i m i l a r l y by examination of equation 4.15 and 4.16, when X > 0, the 

l a r g e s t phase e r r o r w i l l occur f o r the opposite c o n d i t i o n of channel connections, 

since (J)̂  > <f)j^, and w i l l be 90° or g r e a t e r , approaching 180° as 6 tends to zero. 

By t a k i n g values of r i n the range 0.05 to 0.3 (which represents transducer 

separations of 0.5 mm. to 3.0 nnn. f o r every centimetre along the specimen from 

the f i x e d end), values of X i n the range 0.1 to 1% and values of 9 of 0.5 and 

1°, then the v a r i a t i o n of E and 4» may be p l o t t e d as f u n c t i o n s of r f o r the 

d i f f e r e n t combinations of X and 9. These r e s u l t s are shown i n F i g s . 4.8 and 

4.9, f o r the two c o n d i t i o n s of "normal" (n) and "reversed" ( r ) transducer 

p o s i t i o n s . 
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Close examination of these r e s u l t s enables the f o l l o w i n g observations t o 

be made concerning the accuracy o f the method used t o measure AA. 

(1) For an output e r r o r b e t t e r then +5% i t i s necessary t o r e s t r i c t 

the d i f f e r e n c e i n channel gains to 0.5% and any phase s h i f t s t o 

0.5°, and t o r e s t r i c t the transducer s e p a r a t i o n t o a minimum o f 

1.5 mm. f o r every 10 mm. from the f i x e d end of the specimen. 

This w i l l c a t e r f o r the worst c o n d i t i o n s . 

(2) Even i f t h i s c o n d i t i o n i s met, there could s t i l l be a phase e r r o r 

of about 10°. 

(3) On r e v e r s i n g the transducer p o s i t i o n , w i t h the above c o n d i t i o n s 

s t i l l i n e f f e c t , the output e r r o r w i l l f a l l t o about -2.25% and 

the phase e r r o r increase t o about 170°. 

(4) Any improvements i n phase e r r o r beyond t h a t given i n (2) w i l l 

mean reducing the l e v e l of X and/or 8, and i n c r e a s i n g the 

separat i o n of the transducers. Thus f o r a phase e r r o r l e s s than 

5°, i t w i l l be necessary t o r e s t r i c t H to 0.1%, 6 to 0.5° and the 

transducer separation t o about 2.2 mm. f o r every 10 mm. from the 

f i x e d end of the specimen. 

4.2.3 Apparatus f o r M a g n e t o s t r i c t i o n D e t e c t i o n 

The apparatus constructed t o accomplish reasonable accuracy o f 

measurements as o u t l i n e d above i s based on two stereo c a r t r i d g e s s i m i l a r t o • 

those shown i n F i g . 4.6. 

Transducer Mounting 

Several requirements need t o be s a t i s f i e d f o r s a t i s f a c t o r y p o s i t i o n i n g 

o f the transducers at the specimen. They are: 

(1) V e r t i c a l motion, normal t o the sheet, f o r s e t t i n g t h e s t y l u s 

contact f o r c e ; 



(2) R o t a t i o n about the normal to the sheet f o r examining a x i a l s t r a i n 

v a r i a t i o n s ; 

(3) T i l t motion to c a t e r f o r non-perfect alignment of the s t y l i i and 

a l l o w both t o make simultaneous c o n t a c t ; 

(4) V a r i a b l e s e p a r a t i o n between the two s t y l i i ; 

(5) X-Y motion about the sheet surface f o r p o s i t i o n i n g i r i . t h i n g r a i n 

boundaries. 

To accommodate a l l these v a r i a b l e s a s i n g l e transducer head was designed 

and b u i l t , and i s shown i n F i g . 4.10 w i t h a s e c t i o n a l i s e d view shown i n 

F i g . 4.11o I t i s best described by e x p l a i n i n g how the v a r i o u s motions are 

achieved. 

V e r t i c a l motion, normal to the sheet, i s performed by screwing the main 

r i n g i n or o u t , which bears on the top p l a t e s held together by a brass sleeve. 

The transducer p l a t e i s connected t o the top p l a t e s by t h r e e t i e rods which 

are f r e e t o be screwed i n or out. 

To achieve r o t a t i o n about the normal, the top p l a t e s are manually r o t a t e d 

w i t h i n the main r i n g . Having set the r e q u i r e d p o s i t i o n , the top p l a t e s are 

then locked i n p o s i t i o n by means of the nylon gears shown i n F i g . 4.10o 

Lowering of the transducers onto the specimen can then commence, w i t h o u t 

d i s t u r b i n g t h e i r a x i a l p o s i t i o n r e l a t i v e t o the-sheet. 

T i l t motion i s performed by screwing i n or out o f the through b o l t s which 

terminate a t the base p l a t e . As there are three such b o l t s , movement of one 

w i l l t i l t the transducers about the a x i s o f the o t h e r two. To f a c i l i t a t e t h i s 

a knob was attached to the through b o l t s , one of which i s shown c l e a r l y i n 

F i g . 4.10. 

The assembly i s a c c u r a t e l y machined from perspex and brass w i t h a c e n t r a l 

hole running through a l l the component p a r t s to enable viewing o f the transducer 

s t y l i i , and passage f o r t h e i r leads. Spring pressure i s used t o m a i n t a i n f i r m 

contact between the d i f f e r e n t r o t a t i n g p a r t s . 
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FIG-4.10. The T r a n s d u c e r Mounting and 

Pos i t ion ing Head. 
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F I G . 4 1 2 . The Double T r a n s d u c e r 

Mounting A r r a n g e m e n t . 
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A close-up view o f the two transducers mounted on the head i s shown i n 

Fi g . 4.12, where the arrangement f o r p r o v i d i n g v a r i a b l e s e p a r a t i o n between the 

two s t y l i i can c l e a r l y be seen. Each transducer i s f i x e d t o a brass s l i d e 

running i n brass guides, f i r m contact between the two being made by phosphor 

bronze s p r i n g s t r i p s under the s l i d e . The brass mounts were machined from door 

catches, and as can be seen, marks were a c c u r a t e l y machined at 1 mm. i n t e r v a l s 

to enable s e t t i n g of the s t y l i i s e p a r a t i o n . The mounts are screwed t o the 

transducer p l a t e i n such a p o s i t i o n t h a t the motions of the two s t y l i i are 

p a r a l l e l and along the centre a x i s between the mounts. 

Fi g . 4.13 shows the transducer head f i t t e d t o the specimen stage, ( t o be 

described i n s e c t i o n 4.3), w i t h the specimen o m i t t e d . 

A rear view o f the complete specimen stage w i t h the transducer head f i t t e d 

i s shown i n F i g . 4.14, This demonstrates the arrangement p r o v i d i n g X-Y motion 

of the transducers, across the specimen surface. 

The transducer head i s a s l i d i n g f i t i n t o a r e c t a n g u l a r perspex frame 

which runs i n aluminium guides screwed t o the top and bottom edges o f the 

specimen stage base p l a t e . The frame i s attached t o fou r aluminium rods which 

s l i d e i n perspex guides also r i g i d l y screwed t o the base p l a t e . One p a i r o*f 

rods c a r r i e s a cross arm which can be moved l o n g i t u d i n a l l y by screwing a k n u r l e d 

thumb nut against s p r i n g pressure. This provides motion along the r o l l i n g 

d i r e c t i o n of the specimen. 

Transverse motion i s provided by a s i m i l a r arrangement u l i t i s i n g screw 

motion against s p r i n g pressure except t h a t i n t h i s case the main frame of the 

transducer head (see F i g . 4.11) i s guided by fou r lengths of brass studding 

running through the r e c t a n g u l a r perspex frame. 

Having set the r e q u i r e d transducer p o s i t i o n by reference t o the scales 

f i t t e d t o the apparatus ( c l e a r l y seen i n F i g , 4,14), the transducer head i s 

then locked t o the specimen stage by screwing up two nuts running on the brass 

studding i n the main frame. Lowering of the transducers onto the specimen can 

then commence as p r e v i o u s l y described. 
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F I G . 4 . 1 3 . The T r a n s d u c e r Head f i t t e d to the 

Spec imen Mounting Stage. 

F I G . 4.14. Showing the A r r a n g e m e n t s for the 

X - Y Motion of the T r a n s d u c e r s . 



s i g n a l C o n d i t i o n i n g C i r c u i t s 

I t has p r e v i o u s l y been i n d i c a t e d t h a t i t w i l l be necessary t o c a t e r f o r 

d i f f e r e n c e s i n channel s e n s i t i v i t i e s between v a r i o u s transducers employed, 

and f o r v a r i a t i o n i n frequency response of the transducers. Therefore, i t 

was decided a t t h i s stage t o t r e a t each set of harmonic measurements as a 

seperate e n t i t y ; t h a t i s , t o p o s i t i o n the transducers and measure v a r i a t i o n s 

i n fundamental s t r a i n s ; then t o remove, r e c a l i b r a t e a t the second harmonic 

frequency and r e p o s i t i o n the transducers a t the same place on the specimen 

and measure v a r i a t i o n s i n the second harmonic; and so on f o r the t h i r d . 

harmonic. 

The basic e l e c t r o n i c c i r c u i t s f o r c o n d i t i o n i n g the m a g n e t o s t r i c t i o n 

s i g n a l s were t h e r e f o r e designed around these premises. 

The f i r s t c i r c u i t made i s shown i n F i g . 4.15. A f u l l d e s c r i p t i o n of 

the c i r c u i t s w i l l be given as they are c r u c i a l t o the p r e c i s e f u n c t i o n i n g of 

the apparatus. 

Since the transducers are c a p a c i t i v e devices of about 800 pF per channel, 

i t i s necessary to provide very h i g h i n p u t impedance a m p l i f i e r s . This i s 

e a s i l y overcome using MOSFET devices, but as there w i l l be no path f o r d.c. 

bias c u r r e n t to f l o w a t the i n p u t s , bias r e s i s t o r s w i l l be r e q u i r e d ; i n i t i a l l y 

10 Mft r e s i s t o r s were employed as shown. Charged-coupled a m p l i f i e r s were t r i e d 

but serious d.c. d r i f t problems were encountered which gave r i s e t o phase 

d i s t o r t i o n s when a.c. coupl i n g was int r o d u c e d at a l a t e r stage. 

I n a d d i t i o n i t i s necessary to provide h i g h C.M.R. a t the i n p u t s t o 

e l i m i n a t e any 50 Hz pick-up by the f l o a t i n g transducer t e r m i n a t i o n s . To achieve 

t h i s each channel was fed to a p a i r of cross-coupled v a r i a b l e - g a i n d i f f e r e n t i a l -

i n p u t , F.E.T. o p e r a t i o n a l a m p l i f i e r s . This c i r c u i t e l i m i n a t e s the dependance 

of C.M.R.R. on r e s i s t o r matching (29) and the o v e r a l l C.M.R.R. i s equal t o t h a t 

of any f o l l o w i n g a m p l i f i e r m u l t i p l i e d by the d i f f e r e n t i a l gain of the proceeding 

stage ( 2 9 ) . Working a t a t y p i c a l g a i n of 100, the o v e r a l l C.M.R.R. i s 130 dB. 
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Each d i f f e r e n t i a l p a i r i s f o l l o w e d by a s i n g l e , d i f f e r e n t i a l l y connected 

a m p l i f i e r , g i v i n g a single-ended output per channel. That i s , f o u r o utputs 

each c o n t a i n i n g s i g n a l components p r o p o r t i o n a l t o both h o r i z o n t a l and v e r t i c a l 

motion of the s t y l i i . 

To c l a r i f y the references t o ' h o r i z o n t a l * and * v e r t i c a l * motion, 

' h o r i z o n t a l * r e f e r s t o t h a t motion which i t i s de s i r e d t o measure, whereas 

' v e r t i c a l ' r e f e r s t o movement of the specimen normal t o i t s plane. This i s 

i l l u s t r a t e d i n F i g . 4.16. I n t h i s i l l u s t r a t i o n i t w i l l a l s o be seen t h a t the 

two transducers are placed on the specimen from opposite s i d e s , as w i l l have 

already been n o t i c e d from 4.12. This i s necessary t o a l l o w the two s t y l i i t o 

be p o s i t i o n e d v i r t u a l l y next t o each other i f r e q u i r e d , w i t h o u t i n t e r f e r e n c e 

from the transducer bodies. Thus i t w i l l be necessary t o connect one transducer 

to the c i r c u i t i n the opposite manner to the other i . e . , r i g h t and l e f t channels 

reversed. This w i l l become c l e a r when an a n a l y s i s of the c a l i b r a t i o n process 

f o r the transducers i s given l a t e r . 

Each p a i r of channels i s then connected to a s i n g l e stage d i f f e r e n t i a l l y 

connected a m p l i f i e r t o o b t a i n the d i f f e r e n c e i n channel s i g n a l s . This 

d i f f e r e n c e s i g n a l then passes to a v a r i a b l e g a i n a m p l i f i e r , and both the 

d i f f e r e n c e s i g n a l s from each transducer are connected t o the f i n a l stage, which 

i s a p a i r of cross-coupled, f i x e d - g a i n , d i f f e r e n t i a l i n p u t op. amps. Hence the 

s i n g l e ended o u t p u t - w i l l be p r o p o r t i o n a l t o the d i f f e r e n c e between the two 

transducer s i g n a l s . 

As w i l l be discussed l a t e r , adjustment of the gains of the v a r i o u s stages 

i s used to e l i m i n a t e unwanted v e r t i c a l mode s i g n a l s and to compensate f o r the 

v a r i a t i o n i n s e n s i t i v i t i e s between transducer channels. 

Since a l a r g e range of s i g n a l s was a n t i c i p a t e d , a simple r e s i s t i v e d i v i d e r 

was provided a t the output w i t h c a r e f u l l y s elected values t o give 20 dB and 

40 dB a t t e n u a t i o n s . 
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The F i l t e r s 

For reasons already e s t a b l i s h e d i t i s now necessary t o f i l t e r the 

transducer s i g n a l f o r a n a l y s i s of the harmonic content. A B. & K. Type 2120 

Frequency Analyser was a v a i l a b l e , but t h i s was planned f o r other use i n the 

frequency a n a l y s i s of the f l u x waveforms. I t was t h e r e f o r e considered d e s i r a b l e 

to design and b u i l d a separate analyser s p e c i f i c a l l y f o r the purpose of t h i s 

i n v e s t i g a t i o n . 

The band-pass f i l t e r was designed around the second-order t r a n s f e r f u n c t i o n 

o b t a i n a b l e by connecting i n t e g r a t i n g a m p l i f i e r s i n s e r i e s , as shown i n 

F i g . 4.17. 

I t can r e a d i l y be shown (29) t h a t the t r a n s f e r f u n c t i o n of t h i s c i r c u i t i s 

given by 

0) (ij S 
01 0 2 

( s ) 0) + - 3RB to 0) S + 0) 0) 2 
° 2 Ox 02 o i 02 

RA + RB 

4.17 

where o) = , ^ « 
01 ' °2 Rl Cj R2 C2 4,18 

w i t h reference to F i g . 4.17. 

This i s of the same form as a general second order band-pass f u n c t i o n 

(30) and w i l l have a magnitude and frequency response given by 

2 H ( j . ) = / Q 2 ( J i l _ . _ 0 2 ) 
(0 

4.19 
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tan ^ Q I n J i * _ 0) 

0| 0) a.20 

where 

3 Rg 4.21 

Thus when oj2 = ^ o i - ^02 resonance. 

H(j ( D ) = Q and 9 = 0 

Therefore, at resonance, the gain o f the f i l t e r w i l l be independant o f 

frequency and t h e r e w i l l be no phase s h i f t through the f i l t e r . These are 

considered t o be h i g h l y d e s i r a b l e q u a l i t i e s f o r t h i s i n v e s t i g a t i o n . 

By making oj have f i x e d values higher than the r e q u i r e d c e n t r e frequency. 02 

and by making to^ v a r i a b l e over a small frequency range below the r e q u i r e d 

centre frequency, then (D^ may be v a r i e d over a small range. This was considered 

necessary to c a t e r f o r small v a r i a t i o n s i n 'main' frequency. For example, at 

tu^ o f 200 Hz, the frequency range was 191 to 217 Hz. 

U n l i k e o t h e r types o f a c t i v e f i l t e r s using o p e r a t i o n a l a m p l i f i e r s , t h i s 

c i r c u i t s t a b i l i t y i s not r e s t r i c t e d by the l e v e l of Q ( 2 9 ) . Hence Q could be 

made l a r g e and v a r i a b l e by the adjustment o f Rg. At a Q value o f 50, the f i l t e r 

response w i l l be -38 dB at J to and 2 to , and the measured response i s shown 
o o 

i n F i g . 4.18. 

4,2,4 Improvements t o the Transducer P r e - a m p l i f i e r 

I n i t i a l m a g n e t o s t r i c t i o n measurements attempted w i t h the p r e - a m p l i f i e r 

revealed s i g n i f i c a n t phase s h i f t s between transducers, c r e a t i n g d i s t u r b e d 

' b u t t e r f l y loops' and l a r g e e r r o r s i n measured s t r a i n s . As has been described 

i n the E r r o r A n a l y s i s , very small phase s h i f t s w i l l c o n t r i b u t e t o l a r g e 

magnitude e r r o r s . 
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By d r i v i n g the two transducers from equal sinewavc sources a t magnitudes 

eq u i v a l e n t to those of a t y p i c a l m a g n e t o s t r i c t i o n s i g n a l , and by observing 
> 

L i s s a j o u f i g u r e s of the two o u t p u t s , i t was v e r i f i e d t h a t small phase s h i f t s , 

of the order of 2 - 8°, were indeed o c c u r r i n g between the transducers. The 

d r i v i n g source used i s described i n a l a t e r s e c t i o n d e a l i n g w i t h C a l i b r a t i o n 

of the transducers. 

Measurements of the capacitances of the transducers showed v a r i a t i o n s of 

up to ± 10% between channels and between transducers. This was the source of 

the phase e r r o r s since t h i s capacitance i s i n p a r a l l e l w i t h the 10 M̂ . i n p u t 

r e s i s t a n c e s of the p r e - a m p l i f i e r s , 

The c i r c u i t diagram of the p r e - a m p l i f i e r i n p u t stage f o r a s i n g l e channel 

i s reproduced i n F i g . 4.19, ( a ) , w i t h an e q u i v a l e n t c i r c u i t shown i n 

F i g . 4.19, ( b ) . 

The g a i n , K, of the cross-coupled i n p u t stage i s g i v e n by (29) 

K 1 + (2 ) 
4.22 

and the magnitude and phase response of the i n p u t stage may be deduced as (30) 

H(ja)) K 

P - 4.23 

<l'(juj) tan -1 

4.24 



For the values of the components s e l e c t e d , and w i t h transducer channel 

capacitances l y i n g between 720 and 880 pF, the phase s h i f t a t 100 Hz w i l l l i e 

between 5.2 and 6.3°. 

I n a d d i t i o n , the maximum ga i n of the i n p u t stages i s «>, c r e a t i n g too l a r g e 

an incremental g a i n when the 100 Kfi. trimmer i s v a r i e d t o a d j u s t f o r d i f f e r e n c e s 

between channel s e n s i t i v i t i e s . 

To improve t h i s c i r c u i t i n the l i g h t of the E r r o r A n a l y s i s p r e v i o u s l y 

conducted, the f o l l o w i n g m o d i f i c a t i o n s were made. 

The gain of the i n p u t stage was reduced by simply adding a f i x e d r e s i s t o r 

of 10 Kfi. i n s e r i e s w i t h the 100 Kfl. trimmer. The maximum gain i s thus l i m i t e d 

to K = 201. 

The phase s h i f t may be reduced by i n c r e a s i n g the value of Rp (see F i g . 4.19). 

However, t h i s w i l l reduce the bias c u r r e n t t o the i n p u t stages, causing an 

increase i n d.c, d r i f t and j i t t e r . Experiment put a l i m i t of 33 Mfi. on Rp, f o r 

which phase s h i f t s of the order of 2° w i l l s t i l l occur a t 100 Hz. F u r t h e r 

decreases may be achieved by the i n c l u s i o n of p a r a l l e l capacitance, as shown 

sch e m a t i c a l l y i n the e q u i v a l e n t c i r c u i t of F i g . 4.19, ( c ) . For t h i s c i r c u i t 

the magnitude and phase responses w i l l be ( 3 0 ) : 

H(ja)) = 
2KC/ 

2C + Ci 

1 + -
0) 2Rp2(2C + Cp) 2 4.25 

(joj) = tan"^ 
a)Rp(2C + Cp) 4.26 
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However, Cp cannot be made too la r g e as t h i s w i l l a t t e n u a t e the i n p u t by 

a f a c t o r of 2C/(2C + Cp), and, since i t has been necessary t o reduce the g a i n 

of the i n p u t stage, the o v e r a l l design w i l l be a compromise between the l e v e l s 

of Cp, Rp and K. 

A f t e r experimentation, Cp was made 0.01 yF, f o r which the phase s h i f t w i l l 

be 0.25*^ a t 100 Hz w i t h a transducer channel capacitance of 800 pF. The o v e r a l l 

channel g a i n w i l l then be 0.138 K, having a maximum value of 28. Experiments 

showed t h i s to be acceptable. 

The f i n a l design of the i n p u t stages i n c o r p o r a t e d i n t o the o v e r a l l p r e 

a m p l i f i e r c i r c u i t i s shown i n F i g . 4.20. 

L i s s a j o u f i g u r e a n a l y s i s of each i n d i v i d u a l transducer now showed t h a t 

there was no d e t e c t a b l e phase s h i f t between channels, but t h a t a phase s h i f t 

was apparent between the two transducers, being of the order of 2°. The E r r o r 

A n a l y s i s showed t h a t t h i s was unacceptable, and i n order t o compensate f o r i t 

a phase s h i f t i n g network was in c o r p o r a t e d i n t o the p r e - a m p l i f i e r . 

A c i r c u i t diagram of the phase s h i f t e r i s shown i n F i g . 4.20, connected 

between the two halves of the p r e - a m p l i f i e r d e a l i n g w i t h each transducer, and 

before the f i n a l , cross-coupled, d i f f e r e n t i a l output stage, ( p o i n t s A and B i n 

Fi g . 4.20). I t was decided t o s w i t c h the p h a s e - s h i f t e r between t h r e e , equal 

c a p a c i t o r s so t h a t f o r the frequencies of i n t e r e s t (100, 200 and 300 Hz) the 

c h a r a c t e r i s t i c time of the c i r c u i t could be kept constant w i t h o u t ire-adjustment 

of the trimmer r e s i s t o r . The magnitude and phase response of t h i s c i r c u i t i s 

given by ( 3 0 ) : 

H(jaj) = 
y d . .2 c2 r2) ' = -^"^ 4.27 
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The values of R, C, were chosen so t h a t there was n e g l i g i b l e a t t e n u a t i o n , and 

so t h a t the maximum phase s h i f t was about 3^. Thus, f o r a 20 t u r n trimmer 

r e s i s t o r , small adjustmants i n the order of 0.1°, as r e q u i r e d by the E r r o r 

A n a l y s i s , could be made. 

L i s s a j o u f i g u r e a n a l y s i s of the complete system, d r i v i n g the transducers 

simultaneously from a sine-wave source over a range of frequencies and 

magnitudes, showed t h a t there was now n e g l i g i b l e phase s h i f t s between the input 

and o u t p u t . 

4 . 2 o . M a g n e t o s t r i c t i o n C a l i b r a t i o n 

As the m a g n e t o s t r i c t i o n system r e l i e s on the n u l l i n g of ' v e r t i c a l ' 

components of v i b r a t i o n , i t i s e s s e n t i a l t o provide a u n i - a x i a l source of known 

displacement w i t h which t o set up and c a l i b r a t e the system. 

For t h i s purpose, a v i b r a t i n g b lock c o n s t r a i n e d to move along o n l y one 

a x i s was b u i l t , and t h i s ' i s shown i n F i g s . 4.21 and 4.22. 

B a s i c a l l y i t c o n s i s t s of a s t e e l cube, of side 25 mm., w i t h machined f l a t 

s urfaces, supported by l e a f springs made from s t r i p s of s i l i c o n - i r o n . The 

springs a l l o w l o n g i t u d i n a l motion of the b l o c k , but not transverse or v e r t i c a l 

motions. The block i s e x c i t e d by a small v i b r a t o r , d r i v e n d i r e c t l y from a 

s i g n a l generator. The v i b r a t i o n amplitude i s detected by a B and K type 4331 

accelerometer connected to the Frequency Analyser already mentioned. 

V i b r a t i o n amplitudes are obtained by measurement of the a c c e l e r a t i o n l e v e l 

at a known s i n u s o i d a l frequency, and then computing the displacement from w e l l 

known S.H.M. r e l a t i o n s h i p s . 

The transducer head can be i n s e r t e d i n t o the c a l i b r a t i o n apparatus i n 

e i t h e r v e r t i c a l or h o r i z o n t a l modes, thus d e t e c t i n g the e q u i v a l e n t of h o r i z o n t a l 

or v e r t i c a l motions as represented by the specimen. Both these p o s i t i o n s are 

shown, along w i t h the accelerometer and associated p r e - a m p l i f i e r . 
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FIG.4.21. The Vibrating Block showing 

Hor izonta I Calibration . 

F IG.4 .22 . The Vibrating Block showing 

Ver t ica l Cal ibrat ion. 
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A s u b s t a n t i a l s t e e l s t r u c t u r e was b u i l t t o c a r r y the v i b r a t i n g b l o c k and 

transducer head t o avoid any resonance e f f e c t s whereby the mounting frame would 

be energised w i t h some phase s h i f t w i t h respect to the block. 

A d e s c r i p t i o n o f the c a l i b r a t i o n process now f o l l o w s , which i n c l u d e s an 

an a l y s i s o f the behaviour of the transducer a m p l i f i e r c i r c u i t s . A schematic 

diagram of the c i r c u i t i s shown i n F i g . 4.23. 

Considering two transducers, TXl and TX2, connected t o the p r e - a m p l i f i e r 

i n the f a s h i o n p r e v i o u s l y discussed such t h a t the " r i g h t " and " l e f t " channels 

are reversed f o r one transducer. 

Let the s e n s i t i v i t i e s t o " h o r i z o n t a l " d e f l e c t i o n s be A and B f o r the 

" l e f t " - and " r i g h t " channels r e s p e c t i v e l y o f one transducer, and D and C the 

corresponding s e n s i t i v i t i e s f o r the second transducer. Let the a p p r o p r i a t e 

s e n s i t i v i t i e s t o " v e r t i c a l " d e f l e c t i o n be P, Q, S and R r e s p e c t i v e l y . 

Assume t h a t both transducers are now d r i v e n from a source e q u i v a l e n t t o a 

h o r i z o n t a l motion H, or from a source e q u i v a l e n t to a v e r t i c a l motion V, where 

H and V can represent peak, peak t o peak, r.m.s, or instantaneous values o f the 

dynamic v i b r a t i o n . The response of the system w i l l now be considered f o r each 

type o f motion. 

The s i g n a l l e v e l s t o each d i f f e r e n t i a l i n p u t a m p l i f i e r w i l l be as 

shown i n F i g . 4.23 where the " v e r t i c a l " responses of the transducers w i l l have 
• 

the same sign f o r a l l f o u r channels (as i n d i c a t e d by + or -) and f o r which 

t e r m i n a l 1 was a r b i t r a r i l y taken as being negative w i t h respect t o t e r m i n a l 2. 

The responses t o " h o r i z o n t a l " s i g n a l s was also a r b i t r a r i l y selected w i t h 

t e r m i n a l 1 p o s i t i v e w i t h respect to t e r m i n a l 2 f o r transducer TXl. This 

immediately determines the p o l a r i t y o f the other t e r m i n a l s s i n c e , as discussed 

i n s e c t i o n 4.2.1, " l e f t " and " r i g h t " channels w i l l produce opposite p o l a r i t y 

o u t puts due t o " h o r i z o n t a l " motions, and since the two transducers have been 

connected i n the reverse f a s h i o n . I t i s important t o r e a l i s e t h a t the f o l l o w i n g 
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d e s c r i p t i o n w i l l s t i l l apply even i f the a r b i t r a r i l y chosen p o l a r i t i e s are 

reversed f o r e i t h e r , or both, " h o r i z o n t a l ' * or " v e r t i c a l " motions. 

F u r t h e r examination of the schematic diagram of F i g . 4.23 w i l l show t h a t 

the r e s u l t a n t s i g n a l produced by each transducer a t p o i n t s X and Y i n the 

c i r c u i t i s given by: 

+ 2H (Aki' + Bk2) f o r TXl a t p o i n t X, 
and 

+ 2H (Ck3 + Dkit) f o r TX2 at p o i n t Y 

due t o a " h o r i z o n t a l " d r i v i n g source and: 

+ 2V (Qk2 - Pki) f o r TXl at p o i n t X, 
and 

+ 2V (Sk^ - Rk3) f o r TX2 at p o i n t Y 

due to a " v e r t i c a l " d r i v i n g source. The v a r i a b l e gains of each d i f f e r e n t i a l 

i n p u t a m p l i f i e r are represented by k^, k2, k3 and ki^ r e s p e c t i v e l y . 

Thus assuming t h a t there are no phase s h i f t s ( i n t r o d u c e d due to the 

transducers) between the r e l e v a n t s i g n a l s , the " v e r t i c a l " components of the 

r e s u l t a n t s i g n a l s can be set to zero by j u d i c i o u s ' adjustment of the v a r i a b l e 

gains. I n p r a c t i c e i t was found p o s s i b l e to achieve t h i s by adjustment o f one 

gain c o n t r o l per transducer, l e a v i n g the other c o n t r o l set a t minimum to avoid 

o v e r - d r i v i n g the i n p u t stages. 

Having set the " v e r t i c a l " responses to zero, the response to " h o r i z o n t a l " 

motions can be considered. Each transducer s i g n a l i s now passed to a stage of 

v a r i a b l e gain shown by a m p l i f i e r s ks and ke i n F i g . 4.23 and the two s i g n a l s 

are then combined i n the d i f f e r e n t i a l output stage ky. I t w i l l be seen t h a t 

the t o t a l o utput s i g n a l due to " h o r i z o n t a l " motions i s given by 

2H [ke (Cka + DkO - ks (Akj + Bk2)] ky 

where ky i s the gain of the output stage. 
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Due t o the adjustments made to k i , k2, ks and k^ d u r i n g c a n c e l l a t i o n o f 

the " v e r t i c a l " s i g n a l s , and due to the d i f f e r e n c e s i n channel s e n s i t i v i t i e s 

A, B, C and D inherent i n the transducer design, the q u a n t i t i e s (Cks + Dki^) and 

(AKj + Bk2) w i l l i n a l l p r o b a b i l i t y be d i f f e r e n t . Adjustment o f the g a i n ks and 

kg can then be made so t h a t the above expression w i l l become zero, again assuming 

no phase s h i f t s between the r e l e v a n t s i g n a l s . As b e f o r e , i t was found p o s s i b l e 

to achieve t h i s by adjustment of one ga i n c o n t r o l o n l y , the other being set a t 

i t s minimum val u e , having e s t a b l i s h e d by experiment which channel was producing 

the lower output and re-connecting the i n p u t s a c c o r d i n g l y . 

Thus by s u b j e c t i n g both transducers t o equal " h o r i z o n t a l " or " v e r t i c a l " 

motions i n the c a l i b r a t i o n process, the f i n a l o utput of the p r e - a m p l i f i e r w i l l 

be zero f o r e i t h e r type o f motion. 

, Now l e t the " h o r i z o n t a l " motion experienced by one transducer (e.g., TXl i n 

F i g . 4.23) change t o H +̂  AH and the " v e r t i c a l " motion change t o V +̂  AV between 

the two tranducers. The r e s u l t a n t s i g n a l s produced a t p o i n t s X and Y by each 

transducer w i l l then be 

2(Aki + B k 2 ) . ( H + A H ) or 2(Qk2 - P k i ) . ( V + A) 
and 

2(Ck3 + Dk4). H or 2(Sk,^ - Rka) . V 

But by previous c a l i b r a t i o n s the q u a n t i t i e s (Qk2 - Pki) and (Ski^ - Kk^) 

have been made zero, so t h a t the outputs due to " v e r t i c a l " motions w i l l s t i l l 

be zero. 

The t o t a l output s i g n a l due to the " h o r i z o n t a l " motions w i l l now be given 

by: 

2[k6(Ck3 + Dk4)H - k5(Aki + Bkz)(H + AH)Dky 
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But by previous c a l i b r a t i o n s the q u a n t i t i e s kgCCks + Dk^) and ksCAkj + Bk2) 

have been made equal i n magnitude, so t h a t the r e s u l t a n t , t o t a l output s i g n a l 

w i l l be; 

+ 2k5(Aki + Bk2).AH.ky 

or 

+ 2k6(Ck3 + Dk4)AH.k7 

That i s , the output i s p r o p o r t i o n a l t o AH and contains no s i g n a l p r o p o r t i o n a l 

to V or AV. Hence the device i s now responsive o n l y to the d i f f e r e n t i a l , 

h o r i z o n t a l motion between the two transducers. 

The c a l i b r a t i o n process, to be performed p r i o r t o any new set of 

m a g n e t o s t r i c t i o n measurements and f o r each d i s c r e t e frequency of i n t e r e s t , i s 

t h e r e f o r e as f o l l o w s . 

The transducer head i s set up to sense ' v e r t i c a l ' motion, as i n ' F i g . 4.-22 

and the p r e - a m p l i f i e r g a i n c o n t r o l s adjusted t o g i v e a n u l l o u t p u t . The d r i v i n g 

source magnitude i s then manually swept and the c o n t r o l s r e a d j u s t e d as r e q u i r e d 

f o r best n u l l i n g . I t was found p o s s i b l e to achieve ' v e r t i c a l ' mode c a n c e l l a t i o n s 

to w i t h i n 1% o f maximum s i g n a l l e v e l s , up to 1 mm. peak-peak displacements a t 

100 Hz. 

The transducer head i s then set up to sense ' h o r i z o n t a l * motions, as i n 

F i g . 4..21'. At the same frequency as b e f o r e , the v i b r a t i n g block i s set to 

v i b r a t e at the maximum amplitude a n t i c i p a t e d . For example, w i t h a transducer 

p o s i t i o n e q u i v a l e n t to 5 cm. from the clamped end of the specimen and a s t r a i n 

of 30 Pe, the e q u i v a l e n t l o n g i t u d i n a l motion would be 1.5 pm (peak-peak). At 

100 Hz t h i s corresponds to an r.m.s. a c c e l e r a t i o n s i g n a l of 0.02135g, as-detected-

by the accelerometer attached t o the v i b r a t i n g b lock. For an accelerometer 

s e n s i t i v i t y of 35.3 mV/g, a s i g n a l l e v e l of 753.7 yV (r.m.s.) i s a v a i l a b l e . 

The p r e - a m p l i f i e r g a i n c o n t r o l s ( a m p l i f i e r s ks and kg i n F i g . 4.23) and 

the phase s h i f t e r trimmer r e s i s t o r are now successively adjusted to g i v e a n u l l 
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o u t p u t . Manual sweeping of the d r i v i n g source checks the l i n e a r i t y o f the 

system, and the c a l i b r a t i o n process i s repeated as o f t e n as necessary t o 

achieve the best n u l l over the range of amplitudes. At the n u l l p o i n t , the 

percentage e r r o r i n magnitudes and any phase s h i f t i s measured, using an X-Y 

o s c i l l o s c o p e , and, from the E r r o r A n a l y s i s , the minimum transducer s e p a r a t i o n 

can be c a l c u l a t e d f o r a 5% e r r o r a t the measuring p o s i t i o n chosen on the 

specimen. 

One transducer i s then disconnected, so t h a t the o u t p u t w i l l be t h a t due 

to the known amplitude o f v i b r a t i o n at the block. This l e v e l can be used to 

set a d e f l e c t i o n s e n s i t i v i t y on an X-Y p l o t t e r ( t o be described i n s e c t i o n 4.5). 

The d r i v i n g s i g n a l can then be swept, and l i n e a r i t y / c a l i b r a t i o n curves o b t a i n e d , 

t y p i c a l examples of which are shown i n F i g . 4.24. 

4.3 The S t r e s s i n g Apparatus 

4.3.1 I n t r o d u c t i o n 

T h i s apparatus i s r e q u i r e d to h o l d a h a l f - E p s t e i n sample and to apply 

l o n g i t u d i n a l stresses w i t h o u t b u c k l i n g the m a t e r i a l but yet not r e s t r i c t i n g 

f r e e motion of i t . An important c o n s i d e r a t i o n i s t h a t no ferromagnetic m a t e r i a l 

may be used i n i t s c o n s t r u c t i o n . 

As c o n s i d e r a t i o n also needs to be given to o b t a i n i n g access to both f l a t 

surfaces o f the specimen, i n order t h a t simultaneous s t r a i n measurements and 

domain observations can be made from opposite s i d e s , i t was decided t o mount t h e 

specimen on edge, w i t h i t s long side h o r i z o n t a l . 

4.3.2 The Apparatus 

Various views of the mounting stage are shown i n Figs. 4.25 and 4.26. The 

specimen i s mounted between two aluminium s t r e t c h e r s , each c o n s i s t i n g o f two 

p a r t s ; the smaller p a r t i n t o which the specimen f i t s has a 0.4 mm. wide s l o t 

m i l l e d p r e c i s e l y along i t s c e n t r e l i n e , i n t o which the specimen i s f i n a l l y glued, 

This p a r t i s detachable from the longer, v e r t i c a l p a r t , which i s i n t u r n clamped 

r i g i d l y to the aluminium, L-shaped base p l a t e a t one end of the specimen, the 
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other s t r e t c h e r being constrained to move along the l o n g i t u d i n a l a x i s of the 

specimen by means of aluminium guides running i n p o l i s h e d t u f n o l tubes. I t 

i s at t h i s end t h a t the s t r e s s i n g w i l l be a p p l i e d . The basic assembly i s 

c a r e f u l l y machined and assembled so t h a t the specimen l i e s p r e c i s e l y along a 

h o r i z o n t a l a x i s w i t h i n a t o l e r a n c e of 0.125 mm. 

To r e s t r a i n b u c k l i n g of the specimen when under compressive s t r e s s , a n t i -

b u c k l i n g r a i l s are provided along i t s l e n g t h a l l o w i n g ± 0.080 mm. l a t e r a l 

movement. These r a i l s are made from 18/8 a u s t e n i t i c s t a i n l e s s s t e e l which i s 

non-magnetic and allows a h i g h q u a l i t y of machining accuracy. A complete sheet 

covers one side of the specimen w i t h a c e n t r a l r e c t a n g l e removed t o a l l o w access 

by the domain o b s e r v a t i o n equipment. S l o t s are provided f o r p o s i t i o n i n g o f 

search s o i l s around the whole specimen. The back face o f t h i s sheet has an 

0.5 mm. groove m i l l e d along i t s l e n g t h and of the w i d t h of the specimen, i n t o 

which the specimen l i e s . On the other side of the specimen two sheets of 

s t a i n l e s s s t e e l extend o n l y t o cover 0.80 mm. o f each edge, these sheets being 

clamped to the f r o n t sheet. Thus the specimen i s l y i n g i n a s l o t of w i d t h 

0.5 mm. The assembled a n t i - b u c k l i n g r a i l s are clamped i n t o top and bottom 

brass runners which are securely screwed to the base p l a t e s . 

During assembly the r a i l s are shimmed i n the runners so t h a t the c e n t r e 

l i n e of the 0.5 mm. s l o t i s c o n s i s t e n t w i t h the s l o t s i n the aluminium 

s t r e t c h e r s . This i s achieved by s l i d i n g a dunmiy specimen through the r a i l s 

u n t i l i t mates w i t h o u t i n t e r f e r e n c e i n t o the s t r e t c h e r s l o t s . 

F i g , 4.27 shows a rear view of the specimen stage r e v e a l i n g the back face 

of the a n t i - b u c k l i n g r a i l s . 

The o r i g i n a l design f o r a p p l y i n g l o n g i t u d i n a l stresses to the specimen was 

by means of two compression springs a c t i n g i n o p p o s i t i o n . This arrangement i s 

shown i n F i g . 4.25. An extension arm i s connected to the moveable s t r e t c h e r 

and s p r i n g f o r c e s are a p p l i e d to the extension arm by screwing down on k n u r l e d 

thumb nuts which run along studding f i t t e d securely to the base frame of the 
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FIG. A-.25. The Specimen Mounting Stage 

showing 'Spring-loaded' Stressing 

FIG.4.26. The Specimen Mounting Stage 

showing 'Dead-weight' Stressing 



assembly and along the centre l i n e of the specimen. Depending on which s p r i n g 

i s the more compressed v i l l determine whether compressive or t e n s i l e loads are 

a p p l i e d . The springs used had s t i f f n e s s e s of about 25 kg/m. enabling movements 

of up to 25 mm. f o r loads up to 7 MN/m̂  a t the specimen. 

Subsequent attempts a t c a l i b r a t i o n of t h i s system revealed considerable 

h y s t e r e s i s i n the s t r a i n - l o a d r e l a t i o n s h i p s . This was due to the springs 

'winding-up' when r o t a t i n g the thumb nu t s . I n an attempt t o a l l e v i a t e t h i s , 

r o l l e r bearings were f i t t e d a t each end of the s p r i n g - a s i n g l e bearing can be 

seen i n place i n F i g . 4.25 - to a l l o w f r e e r o t a t i o n . However, a s i g n i f i c a n t 

l e v e l of h y s t e r e s i s was s t i l l o b t a i ned, and since c a l i b r a t i o n of compression 

springs i s n o t o r i o u s l y d i f f i c u l t , t h i s method of l o a d i n g was abandoned. 

The method f i n a l l y adopted i s shown i n F i g . 4,26. Again, an extension arm 

on the moveable s t r e t c h e r i s used t o p i c k up Che l o a d i n g f o r c e s , but t h i s time 

the load i s a p p l i e d by dead-weights whose e f f e c t i s t r a n s m i t t e d v i a a p u l l e y 

and l e v e r arm. A s e c t i o n of t h i s system i s shown i n F i g . 4.28. The p u l l e y , 

l e v e r arm and extension arm of the l e v e r are a l l mounted on small r o l l e r 

bearings i n order to reduce f r i c t i o n t o a minimum. The l e v e r arm i s designed 

to g i v e a 2:1 r a t i o t o the l o a d i n g f o r c e s so t h a t excessive weights would n o t 

be r e q u i r e d . Depending on which side of the p u l l e y the weights are suspended 

w i l l determine whether compressive or t e n s i l e loads are a p p l i e d to the specimen, 

Each dead-weight was machined i n d i v i d u a l l y so t h a t a f t e r c a l i b r a t i o n o f the 

s t r e s s i n g system the o v e r a l l a p p l i e d s t r e s s could be determined w i t h reference 

to the weight used. 

Subsequent s t r a i n measurements revealed no h y s t e r e s i s w i t h the dead-weight 

system adopted. 

4.3.3 C a l i b r a t i o n of the S t r e s s i n g Apparatus 

Due to the e l a s t i c p r o p e r t i e s of s i l i c o n - i r o n v a r y i n g w i t h the s t a t e of 

s t r e s s because of the m a g n e t o s t r i c t i o n , no s i n g l e f i g u r e of Young's modulus 
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FIG.4.27. A Rear View of the Specimen Stage showing 

the Anti-buckl ing Rails & a Strain-gauged 
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can be used to describe the s t r e s s / s t r a i n behaviour of such m a t e r i a l , since 

the s t r e s s / s t r a i n curves w i l l be n o n - l i n e a r a t low s t r e s s e s . This phenomenon, 

known as the AE e f f e c t , has been w e l l described by o t h e r workers ( 4 , 31). 

I t i s , t h e r e f o r e , necessary to use a non-magnetic, homogeneous m a t e r i a l to 

replace the s i l i c o n - i r o n specimen d u r i n g c a l i b r a t i o n . 

To achieve t h i s , c o l d r o l l e d copper to BS 1/̂ 32:1970 , was used, cropped 

to the same shape as the specimens ( i . e . , h a l f - E p s t e i n lengths) and assembled 

i n t o the mounting stage i n an i d e n t i c a l f a s h i o n as the specimens. S t r a i n 

gauges were attached to the copper s t r i p s , w i t h three gauges spaced sy n m e t r i c a l l y 

on one s i d e , and a s i n g l e gauge on the reverse s i d e , as p r e v i o u s l y shown i n 

F i g . 4.27. The gauges used were temperature compensated f o r s t a i n l e s s s t e e l , 

which has a temperature c o e f f i c i e n t very s i m i l a r t o copper, and the cement used 

was a cyanoacrylate-based adhesive. 

Young's Modulus f o r the m a t e r i a l was determined as f o l l o w s . F u r t h e r h a l f -

E s p t e i n s t r i p s were cut from the same sheets as the o r i g i n a l s t r i p s used f o r 

s t r a i n gauging. Three s t r i p s of each thickness were then cropped i n t o dumbell 

shapes s u i t a b l e f o r mounting i n t o a T e n s i l e T e s t i n g machine. A l l the s t r i p s 

were then s t r a i n r e l i e f annealed a t 450° f o r 1 hour using the same technique as 

used f o r sample p r e p a r a t i o n of the s i l i c o n - i r o n specimens (see s e c t i o n 4.1.2). 

The cross s e c t i o n a l area of each s t r i p was determined by averaging 

micrometer readings along the t e s t l e n g t h , and the t e s t l e n g t h was measured by 

a v e m i e r - c a l i p e r . Each prepared s t r i p was then mounted i n t u r n i n t o the 

t e n s i l e t e s t i n g machine and s t r e s s / s t r a i n curves produced up to a s t r e s s of 

20 MN/m2. 

At t h i s stage i t was discovered t h a t the copper had a n o n - l i n e a r s t r e s s / 

s t r a i n r e l a t i o n s h i p , as w i l l be seen by reference to F i g . 4.29. F u r t h e r 

i n v e s t i g a t i o n l e d to the discovery t h a t t h i s phenomen has been the s u b j e c t o f 

research (32) and t h a t the d e t e r m i n a t i o n of E f o r copper a t low s t r e s s l e v e l s 

does present problems. 
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However, by averaging out the readings of the l i n e a r p o r t i o n s of the 

curves obtained, a value of E was determined which was not d i s s i m i l a r from 

manufacturer's f i g u r e s f o r the type of copper being used. I t was, .therefore, 

decided t o use t h i s f i g u r e d u r i n g the c a l i b r a t i o n of the s t r e s s i n g equipment. 

With a s u i t a b l y s t r a i n gauged s t r i p mounted i n t o the specimen stage, the 

s t r a i n as detected from each gauge i n t u r n was measured by connecting the 

r e l e v a n t gauge i n t o a fo u r arm b r i d g e , the other three arms being three gauges 

on a spare s t r i p placed close t o the mounted s t r i p . Thus f u l l temperature 

compensation was employed. The b r i d g e output was monitored on a s t r a i n meter 

and s t r a i n l e v e l s recorded f o r i n c r e a s i n g and decreasing compressive and 

t e n s i l e s t r e s s , a p p l i e d by dead weights hung onto the l e v e r arm. 

Using the value of Young's Modulus p r e v i o u s l y determined, the l e v e l s of 

st r e s s were computed and compared to values obtained from the mass of the 

weights d i v i d e d by the cross s e c t i o n a l area of the s t r i p . 

By t h i s means i t was found t h a t the stresses i n the specimen could be 

determined from the known mass of the weights, t o a t o l e r a n c e of ± 10%, as 

shown i n F i g . 4.30. I t i s considered t h a t t h i s e r r o r i s acceptable, since 

the a c t u a l stresses o c c u r r i n g i n b u i l t - u p transformer cores are not e x a c t l y 

known. 

4.4 Specimen E x c i t a t i o n 

4.4.1 E x c i t a t i o n and Flux Measurement 

The basic assembly i s again shown i n F i g . 4.31 but w i t h the a n t i - b u c k l i n g 

r a i l s o m i t t e d and the magnetising c o i l s f i t t e d . Each c o i l c o n s i s t s of 750 

turns of 27 SWG w i r e wound on a r e c t a n g u l a r Perspex former, the i n t e r n a l 

dimensions of the c o i l being 22 x 40 mm. The two c o i l s are connected i n 

p a r a l l e l t o the source of e x c i t a t i o n which i s described below. The specimen 

shown i n F i g . 4.31 has search c o i l s mounted at 10 ram. i n t e r v a l s about the 

centre l i n e t o enable the symmetry of f l u x d i s t r i b u t i o n along the l e n g t h of 
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the specimens to be determined. The magnetising c o i l s are mounted i n s l o t s 

i n the v e r t i c a l base p l a t e s so t h a t optimum p o s i t i o n i n g could be achieved f o r 

good f l u x u n i f o r m i t y . By t h i s means i t was determined t h a t the f l u x d e n s i t y 

was c o n s i s t e n t w i t h i n 2% up to 40 mm. each side of the specimen c e n t r e and 3% 

up to 50 ram, each s i d e . This was achieved at l e v e l s up to 1.9T f l u x d e n s i t y . 

The source of e x c i t a t i o n was an 'Advance* Type JIB A.F. s i g n a l generator 

d r i v i n g a 'Texan* 25W Audio Stereo A m p l i f i e r , only one channel being d r i v e n . 

The c i r c u i t diagram i s shown i n F i g . 4.32 which also includes the f l u x 

measuring c i r c u i t s and f l u x waveshape c o n t r o l c i r c u i t s to be described l a t e r . 

A I f i r e s i s t o r i s included i n s e r i e s w i t h the magnetising c o i l s e n abling a 

s i g n a l p r o p o r t i o n a l to magnetising c u r r e n t to be obtained. This i s used to 

d e r i v e a s i g n a l p r o p o r t i o n a l to magnetising f o r c e f o r subsequent o s c i l l o s c o p e 

d i s p l a y of the magnetising c h a r a c t e r i s t i c s of specimens. 

I n order to o b t a i n a s i g n a l p r o p o r t i o n a l to f l u x d e n s i t y , s i n g l e t u r n 

search c o i l s were employed, e i t h e r wound around the e n t i r e specimen or through 

0.25 mm, holes d r i l l e d a t g r a i n boundaries d u r i n g the specimen p r e p a r a t i o n 

stage. Since the e.m.f. induced i n the c o i l i s a f u n c t i o n of the r a t e of change 

of f l u x l i n k a g e , i t i s necessary to i n t e g r a t e the search c o i l o u t p u t , and by 

i n c l u d i n g the cross s e c t i o n of the specimen, the f l u x d e n s i t y may be o b t a i n e d . 

As an approach to producing an i n t e g r a t o r , a h i g h i n p u t impedance, F.E.T., 

o p e r a t i o n a l a m p l i f i e r w i t h c a p a c i t i v e feedback was used. However, at the v e r y 

h i g h l e v e l s of g a i n r e q u i r e d to produce a s a t i s f a c t o r y s i g n a l l e v e l from the 

very small search c o i l output i t was found t h a t such an arrangement was 

unstable, due to the d.c. d r i f t i n h e r e n t i n such devices, and due t o t h i s d.c. 

charging up the c a p a c i t o r to supply r a i l v o l t a g e s . A passive RC i n t e g r a t o r was 

t h e r e f o r e used, made from a 1 Mfi r e s i s t o r and 1 pF c a p a c i t o r . This c i r c u i t i s 

d.c. coupled i n t o a stage of high gain f o l l o w e d by a b u f f e r a m p l i f i e r . Accurate 

comparison of i n p u t and output s i g n a l s showed the device to be i n t e g r a t i n g 
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s a t i s f a c t o r i l y between 50 Hz and 1 kHz, adequateley covering the intended 

range of .5 0 to 300 Hz. 

4.4,2 Flux Waveshape C o n t r o l 

During the process of s i n g l e sheet t e s t i n g i t has always been n o t i c e a b l e 

t h a t the f l u x waveform d i s t o r t s c o n s i d e r a b l y , p a r t i c u l a r l y under c o n d i t i o n s of 

compressive s t r e s s . I t i s t h e r e f o r e necessary t o e x e r t some measure of c o n t r o l 

on t h i s d i s t o r t i o n , and p a r t i c u l a r l y since the i n f l u e n c e of the f l u x harmonics 

on m a g n e t o s t r i c t i o n harmonics i s a c r u c i a l p a r t of t h i s i n v e s t i g a t i o n , i t i s 

necessary t o deal w i t h t h i s aspect i n some d e t a i l . 

The method of employing negative feedback i n the specimen e x c i t a t i o n 

developed by McFarlane and H a r r i s (33) was adopted. The t h e o r e t i c a l a n a l y s i s 

of t h i s procedure i s w e l l known and has been e x t e n s i v e l y documented by o t h e r 

workers (4, 27). However, an o r i g i n a l c i r c u i t was developed f o r t h i s 

i n v e s t i g a t i o n and t h i s w i l l now be described, but w i t h o u t recourse t o the 

o r i g i n a l t h e o r e t i c a l a n a l y s i s . 

The c i r c u i t has already been shown i n F i g , 4.32 along w i t h the specimen 

e x c i t a t i o n and f l u x d e t e c t i o n c i r c u i t s , A schematic diagram of the waveshape 

c o n t r o l c i r c u i t alone i s shown i n F i g . 4.33. 

An o s c i l l a t o r i s used as the source of fundamental e x c i t a t i o n frequency 

and i s set a t a f i x e d output l e v e l since i t i s also used as the source f o r 

• t r i g g e r i n g the c i r c u i t s of the domain o b s e r v a t i o n equipment (see s e c t i o n 4.1). 

I t thus becomes the master o s c i l l a t o r f o r the complete apparatus. The 

o s c i l l a t o r output i s , t h e r e f o r e , c o n t r o l l e d by a stage of v a r i a b l e g a i n 

(k2 i n F i g . 4.33), and then f ed to the n o n - i n v e r t i n g i n p u t of a d i f f e r e n t i a l l y 

connected, o p e r a t i o n a l a m p l i f i e r . The ouput of t h i s stage feeds the power 

a m p l i f i e r connected t o the magnetising windings. By v a r i a t i o n of the ga i n 

c o n t r o l s of both the o s c i l l a t o r output a m p l i f i e r and the P.A., e x c i t a t i o n of the 

specimen may be obtained w i t h o u t regard f o r waveshape c o n t r o l . 
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Feedback i s then provided i n the manner p r e s c r i b e d by McFarlane and H a r r i s , 

from the same search c o i l which i s used to d e r i v e the measure of f l u x d e n s i t y 

w i t h i n the specimen. The search c o i l output i s fed to a s i n g l e stage o f h i g h , 

v a r i a b l e g a i n ( k i i n F i g . 4.33) the output from which feeds the i n t e g r a t o r 

p r e v i o u s l y described, but a l s o feeds the i n v e r t i n g i n p u t of the d i f f e r e n t i a l 

a m p l i f i e r (k3 i n F i g . 4,33). Provided the gain stage has some f i n i t e l e v e l the 

power a m p l i f i e r w i l l then see the d i f f e r e n c e s i g n a l between the o s c i l l a t o r sine-

wave output and the d i s t o r t e d search c o i l e.m.f. 

Judic i o u s s e l e c t i o n of the v a r i o u s g a i n c o n t r o l s w i l l enable v a r i o u s 

reductions i n the harmonic content of the f l u x waveshape, as c o n s i s t e n t w i t h the 

o r i g i n a l theory. I n p r a c t i c e , w i t h maximum l e v e l s of feedback c o n s i s t e n t w i t h 

s t a b l e o p e r a t i o n , the harmonic content was t y p i c a l l y reduced from 18% to l e s s 

than 1% a t a f l u x d e n s i t y of 1.96T. C a r e f u l c o n t r o l enabled determined l e v e l s 

of d i s t o r t i o n t o be set i f r e q u i r e d , but as no c o n t r o l was a v a i l a b l e over any 

i n d i v i d u a l harmonic frequency, t h i s approach was not pursued. F u r t h e r , i t was 

intended to measure s t r a i n l e v e l s under the two c o n d i t i o n s of no feedback and 

f u l l feedback, and to analyse the l e v e l s of i n d i v i d u a l harmonic components i n 

each case, 

4.4.3 Flux D i s t o r t i o n Measurement 

I n order to i n v e s t i g a t e any v a r i a t i o n of m a g n e t o s t r i c t i o n harmonics w i t h 

f l u x harmonics, i t i s necessary to measure the l e v e l of d i s t o r t i o n o c c u r r i n g . 

This was achieved by feeding the s i g n a l from the i n t e g r a t o r to a B, & K. 

Type 2120 Frequency Analyser. This device i n c o r p o r a t e s a d.c. output 

p r o p o r t i o n a l to the peak l e v e l of the f i l t e r e d s i g n a l , and could thus be used 

d i r e c t l y on one channel of an X-Y p l o t t e r t o be described i n Section 4.5, By 

simultaneously f e e d i n g the t o t a l s i g n a l from the i n t e g r a t o r to the other channel 

of the X-Y p l o t t e r v i a a separate peak v o l t a g e d e t e c t o r (see Section 4.5), and 

by a u t o m a t i c a l l y i n c r e a s i n g the specimen magnetisation by means of a motor 

d r i v e n potentiometer i n the e x c i t a t i o n c i r c u i t , automatic p l o t s of the v a r i o u s 
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harmonics.in the specimen i n d u c t i o n , as a f u n c t i o n of the t o t a l peak i n d u c t i o n , 

could be achieved w i t h o u t recourse t o l a b o r i o u s p o i n t - b y - p o i n t p l o t t i n g . 

C a l i b r a t i o n of the X-Y p l o t t e r was made by s e t t i n g a f i x e d l e v e l of i n d u c t i o n 

and c a l c u l a t i n g the percentage harmonic from the frequency analyser r e c o r d i n g s . 

T y p i c a l a u t o m a t i c a l l y recorded graphs of the t h i r d and f i f t h harmonics 

are shown i n F i g . 4.34 i n which can also be seen the reductions due t o the 

f l u x waveshape c o n t r o l c i r c u i t s p r e v i o u s l y described. 

Flux Measurement C a l i b r a t i o n 

The s i g n a l p r o p o r t i o n a l to B, which i s f i n a l l y a d.c. l e v e l a v a i l a b l e a t 

the X-Y p l o t t e r , w i l l be m o d i f i e d by a l l the gains throughout the c i r c u i t s 
f 

i n v o l v e d . To evaluate the sum of these g a i n s , a s i n u s o i d a l s i g n a l of known 

amplitude and frequency i s fed i n t o the c i r c u i t at the p o i n t where the search 

c o i l would normally be connected. 

I n p u t and output waveforms at any p o i n t . i n the c i r c u i t s can then be 

compared f o r b o t h magnitude and phase. I t was found t h a t no phase e r r o r s were 

being introduced at any p o i n t , and the t o t a l g a i n was adjusted t o g i v e adequate 

s i g n a l l e v e l s at a l l the measuring p o i n t s . This g a i n was noted. 

The cross s e c t i o n a l area of the specimen surrounded by the search c o i l 

was measured by micrometer readings of the specimen thickness averaged from a t 

l e a s t three readings across the c o i l w i d t h , and from the c o i l w i d t h measured 

e i t h e r by micrometer when the whole specimen was encompassed, or by v e r n i e r 

c a l i p e r s i n the search c o i l holes. 

Thus from knowledge of the system g a i n , the cross s e c t i o n of the c o i l and 

the c h a r a c t e r i s t i c time of the i n t e g r a t o r , the l e v e l of B can be deduced. 

The s i g n a l l e v e l f o r B i s then displayed on the X-Y p l o t t e r e n abling t h a t 

device to be c a l i b r a t e d i n T per cm. of d e f l e c t i o n . By sweeping the i n d u c t i o n 

from zero to s a t u r a t i o n , the l i n e a r i t y of the system could be checked, as shown 

i n F i g . 4.35 which also i n d i c a t e s the e f f e c t s achieved by the waveshape 

c o n t r o l c i r c u i t s . 
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4.5 The Complete Apparatus 

A l l the p r e v i o u s l y described p a r t s of apparatus are now combined i n t o a 
complete system along w i t h the.^ . devices t o be used f o r measurement of the 
v a r i a b l e s . A schematic diagram of the complete system i s shown i n F i g , 4.36. 

Since frequency a n a l y s i s of both the m a g n e t o s t r i c t i o n and f l u x d e n s i t y 

i s planned, then any measuring devices w i l l be d e a l i n g w i t h s i n u s o i d s o n l y , 

not complex waveforms. I n a d d i t i o n i t i s usual t o - d e s c r i b e these v a r i a b l e s i n 

terms of t h e i r peak values. 

I t was t h e r e f o r e decided t o convert both s i g n a l s i n t o d.c. l e v e l s 

e q u i v a l e n t t o t h e i r peak values f o r subsequent easy r e c o r d i n g on a f l a t - b e d 

pen p l o t t e r . For t h i s purpose a p a i r of p r e c i s i o n , peak-voltage d e t e c t o r s 

were designed and b u i l t , and the c i r c u i t i s shown i n F i g . 4.37. 

The c i r c u i t c o n s i s t s of two stages: a p r e c i s i o n f u l l - w a v e r e c t i f i e r formed 

by o p e r a t i o n a l a m p l i f i e r s OPl and 0P2, and a peak v o l t a g e d e t e c t o r formed by 

0P3 and D3. 

Diodes alone are not pr e c i s e r e c t i f i e r s since a t low i n p u t s i g n a l s the 

forward v o l t a g e w i l l be below the knee of the diode c h a r a c t e r i s t i c and v i r t u a l l y 

open c i r c u i t t o i n p u t s i g n a l s . The c i r c u i t of F i g . 4.37 overcomes t h i s , since 

when the forward v o l t a g e i s below the knee of the diodes employed (about 600 mV), 

both Di and D2 are open c i r c u i t and consequently zero negative feedback i s 

app l i e d t o OPl. This op-amp i s t h e r e f o r e o p e r a t i n g i n i t s open loop mode w i t h 

a g a i n of about 100 dB^ consequently an i n p u t v o l t a g e of only about 6 yV, i s 

re q u i r e d t o r a i s e the diode forward v o l t a g e above the knee. Once the forward 

v o l t a g e i s exceeded the diodes act as v i r t u a l s h o r t c i r c u i t s and the ga i n w i l l 

be determined by R2 and R3 as us u a l . This g a i n was made u n i t y . 

For p o s i t i v e h a l f cycles a t the i n p u t s the output of OPl w i l l be n e g a t i v e , 

D2 conducts v i a r e s i s t o r R2, but diode Di i s reverse biased and does not 

conduct. Thus negative h a l f cycles w i l l appear at p o s i t i o n A, w h i l s t p o s i t i o n 

B w i l l be a t zero p o t e n t i a l . 
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For negative h a l f c y c l e s , the output of OPl w i l l be p o s i t i v e , diode 

conducts v i a Ri and D2 i s reverse biased. Therefore, p o s i t i v e h a l f cycles w i l l 

appear at B whereas A goes to zero. 

P o s i t i o n A i s connected to the i n v e r t i n g i n p u t of the d i f f e r e n t i a l 

a m p l i f i e r 0P2 so t h a t the negative h a l f cycles w i l l appear as p o s i t i v e h a l f 

cycles a t the output C. S i m i l a r l y p o s i t i o n B i s connected to the n o n - i n v e r t i n g 

i n p u t and the p o s i t i v e h a l f cycles w i l l appear at the output. That i s , the 

output w i l l be p o s i t i v e , f u l l wave r e c t i f i c a t i o n of the i n p u t . 

This output i s connected to the n o n - i n v e r t i n g i n p u t of 0P3 so t h a t 

c a p a c i t o r Ci can charge r a p i d l y through the small forward r e s i s t a n c e of diode 

D3 to the peak value of the i n p u t . The discharge path f o r Cj i s o n l y through 

the i n p u t r e s i s t a n c e of the i n v e r t i n g i n p u t of 0P3; since t h i s i s i n the order 

of 1 Mfi, the discharge time constant i s very l a r g e (about 10 sees). Hence 

the output w i l l be the peak value of the i n p u t waveforms. 

The outputs from the m a g n e t o s t r i c t i o n f i l t e r s and f l u x i n t e g r a t o r are 

also fed to X-Y and Y-T o s c i l l o s c o p e s t o enable m a g n e t o s t r i c t i o n b u t t e r f l y 

loops and waveshapes t o be d i s p l a y e d . The s i g n a l p r o p o r t i o n a l t o magnetising 

f o r c e (H) i s a v a i l a b l e f o r d i s p l a y of magnetisation c h a r a c t e r i s t i c s -

Analogue v o l t m e t e r s are also i n c l u d e d i n the c i r c u i t s of X and B to 

f a c i l i t a t e c a l i b r a t i o n and provide v i s u a l m o n i t o r i n g d u r i n g measurements. 

To avoid the d i f f i c u l t i e s associated w i t h ' e a r t h loops' when se v e r a l items 

of 'mains* powered equipment are connected t o g e t h e r , the c r i t i c a l e l e c t r o n i c 

c i r c u i t s ( f l u x waveshape c o n t r o l and m a g n e t o s t r i c t i o n s i g n a l c o n d i t i o n i n g ) are 

powered by two heavy-duty b a t t e r i e s , s upplying +̂  12V f o r the o p e r a t i o n a l 

a m p l i f i e r s . 

A f u r t h e r i n n o v a t i o n introduced was t o d r i v e the potentiometer c o n t r o l l i n g 

the l e v e l of specimen i n d u c t i o n from a s m a l l , geared e l e c t r i c motor, a l l o w i n g 

B t o r i s e from the demagnetised s t a t e to s a t u r a t i o n i n about 1 minute. Thus 
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X-Y p l o t s of m a g n e t o s t r i c t i o n v a r i a t i o n w i t h i n d u c t i o n could be obtained 

a u t o m a t i c a l l y w i t h o u t recourse t o manual p l o t t i n g . 

A photograph of the complete apparatus i s shown i n F i g . 4.38, i n which 

i t w i l l be seen t h a t the specimen stage i s mounted on a slab of g r a n i t e . 

This i n t u r n i s de-coupled from the bench by pieces of foam rubber, i n order 

to provide some degree of v i b r a t i o n i s o l a t i o n from the movement of the 

b u i l d i n g due to an adjacent carpark and machine-shop. 
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CHAPTER FIVE 

EXPERIMENTAL RESULTS AND DISCUSSION 

5.1 The Measuring Procedure, 

I t has been e s t a b l i s h e d i n Chapter Four 
(S e c t i o n 4.2.2) t h a t the e r r o r s i n the m a g n e t o s t r i c t i o n 
measurement w i l l depend on the e f f e c t i v e c a n c e l l i n g of 
any phase s h i f t s between the two t r a n s d u c e r s , and on the 
e g u a l i t y of the g a i n s between channels. I t has a l s o been 
d e s c r i b e d (Chapter Four, S e c t i o n 4.2.5) how the c a l i b r a t i o n 
procedure f o r m a g n e t o s t r i c t i o n measurement i n v o l v e s the 
e f f e c t i v e n u l l i n g of any " v e r t i c a l " ( i . e . normal to the 
sheet) components of v i b r a t i o n . 

I n i t i a l measurements had, as d e s c r i b e d i n 
S e c t i o n 4.2.4, r e v e a l e d s e v e r e l y d i s t o r t e d - b u t t e r f l y loops 
and erroneous l e v e l s of m a g n e t o s t r i c t i o n , p a r t i c u l a r l y a t 
100 Hz. The former e f f e c t was found t o be due t o phase 
s h i f t s , but the l a t t e r was found to be due to the unwanted 
" v e r t i c a l " v i b r a t i o n s . A f i r s t attempt to reduce these 
was made by reducing the c l e a r a n c e between the specimen 
and the a n t i - b u c k l i n g r a i l s i n t o which i t i s mounted. 
A f t e r experimenting with l u b r i c a t e d , t h i n rubber sheet and 
s t r i p s . . o f paper, a technique d i f f i c u l t to apply to the 
sharp edges of the specimens, i t was found t h a t e f f e c t i v e 
damping could be achieved using 0.08 mm s t a i n l e s s s t e e l 
shims between the specimen and the r a i l s . However, a 
component of " v e r t i c a l " motion was s t i l l i n evidence which 
co u l d be damped by l i g h t f i n g e r p r e s s u r e a t the specimen 
s u r f a c e . 

S i n c e the " v e r t i c a l " v i b r a t i o n s are an iinknown 
q u a n t i t y , and s i n c e i t was found i m p o s s i b l e to completely 
n u l l these motions, i t w i l l be n e c e s s a r y to measure t h i s 
component of v i b r a t i o n under a l l the a n t i c i p a t e d measuring 
c o n d i t i o n s . Then, knowing the l e v e l of a t t e n u a t i o n 
produced by the n u l l i n g p r o c e s s , the percentage of s i g n a l 



component due to t h a t source can be c a l c u l a t e d and 
compared to the l e v e l of the d e s i r e d " h o r i z o n t a l " s i g n a l . 

Measurement of the " v e r t i c a l " v i b r a t i o n s i s 
achieved by the same c a l i b r a t i o n process as f o r 
ma g n e t o s t r i c t i o n , except t h a t i n t h i s case the tr a n s d u c e r 
outputs due to " h o r i z o n t a l " motion w i l l need to be n u l l e d . 
The f o l l o w i n g procedure was t h e r e f o r e adopted as a r o u t i n e 
operation p r i o r t o any new s e t o f measurements. 

The t r a n s u c e r head i s s e t up i n the 
C a l i b r a t i o n V i b r a t i n g Block (see F i g 4.21 Page 115) so as 
to sense " h o r i z o n t a l " motion with the system s e t up f o r 
100 Hz measurements. The amplitude of v i b r a t i o n i s s e t t o 
the maximum a n t i c i p a t e d ; t h i s w i l l be determined by the 
d i s t a n c e of the f u r t h e s t t r a n s d u c e r from the clamped' end of 

-the specimen a t the d e s i r e d measurement p o s i t i o n . Thus f o r 
i n v e s t i g a t i o n i n a g r a i n 40 mm from the clamp with a 
maximxim s t r a i n of say, 30 pe, the block i s s e t to v i b r a t e 
a t 1.2.pcv (peak-peak). Then as d e s c r i b e d i n S e c t i o n 4.2.5, 
the g a i n s of the tr a n s d u c e r p r e - a m p l i f i e r a r e a d j u s t e d t o 
give a n u l l output. By removing the input from one 
tran s d u c e r the output due to the other t r a n s d u c e r may be 
measured, and the n u l l s i g n a l expressed as a percentage of 
the " h o r i z o n t a l " s e n s i t i v i t y . I n a l l c a s e s , i n c l u d i n g 
measurements a t 200 and 300 Hz, t h i s e r r o r was foiand t o be 
l e s s than 1%, being t y p i c a l l y 0.8% a t 100 Hz. 

The t r a n s d u c e r head i s then mounted on the 
V i b r a t i n g Block so as to sense " v e r t i c a l " motion. By 
s u c c e s s i v e adjustments to the p r e - a m p l i f i e r , output-stage 
g a i n s , and to the phase s h i f t e r , the output can be n u l l e d 
as d e s c r i b e d i n S e c t i o n 4.2.5. I n t h i s mode i t was found 
p o s s i b l e to n u l l to 0.4% a t 100 Hz with undetectable phase 
e r r o r between outputs of each t r a n s d u c e r . W h i l s t i n t h i s 
mode, the s e n s i t i v i t y to " v e r t i c a l " s i g n a l s i s obtained by 
removing one tra n s d u c e r input and noting the output l e v e l . 
S i n c e the l e v e l of " v e r t i c a l " motion i s unknown, the system 
was c a l i b r a t e d up to the maximum p o s s i b l e , t h i s being a 
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v i b r a t i o n of 0.25 mm (peak-peak). 

The t r a n s d u c e r head i s next moiinted i n t o the 
Apparatus a t the p o s i t i o n i n which m a g n e t o s t r i c t i o n 
measurements w i l l e v e n t u a l l y be taken. Observations are 
made over the complete range of s t r e s s l e v e l s and i n d u c t i o n 
l e v e l s of the t r a n s d u c e r reponse a t 100 Hz due to v e r t i c a l 
motion of the specimen under 50 Hz e x c i t a t i o n , both w i t h 
and without feedback i n the e x c i t a t i o n . 

The whole of the above procedure i s then 
repeated, but with the system c a l i b r a t e d to sense v e r t i c a l 
motion a t 200 Hz, and then a t 300 Hz. 

F i g 5.1 shows a t y p i c a l r e s u l t f o r the 
" v e r t i c a l " s i g n a l obtained a t 300 Hz. Note t h a t t h i s graph 
does not show the true v e r t i c a l motion of the specimen but 
shows the d i f f e r e n c e between the motions experienced by the 
two t r a n s d u c e r needles. 

The measurement procedure then continues f o r 
the d e s i r e d " h o r i z o n t a l " motion, e i t h e r l o n g i t u d i n a l or 
t r a n s v e r s e m a g n e t o s t r i c t i o n . The c a l i b r a t i o n process i s 
then as s e t out i n Chapter Four, which i s e x a c t l y as 
o u t l i n e d above except t h a t the " v e r t i c a l " and " h o r i z o n t a l " 
modes are interchanged. As re p o r t e d above, i t was found 
p o s s i b l e to n u l l the output due to " v e r t i c a l " motions to 
better- than 1% a t a l l f r e q u e n c i e s , and a l s o found p o s s i b l e 
to n u l l the output due to equal " h o r i z o n t a l " i n p u t s to 
b e t t e r than 
t r a n s d u c e r s 
b e t t e r than 0.5%, a t phase s h i f t s l e s s than 0.5° between 

Examination of subsequent m a g n e t o s t r i c t i o n 
measurements showed t h a t , over the range of s t r e s s and 
in d u c t i o n used, the maximum e r r o r due to i n c l u s i o n of 1% of 
any v e r t i c a l motion as measured above was never g r e a t e r 
than 2%. 

I n order to reduce the e r r o r due to phase 

I 



25 
jumm 

t/) 

0 0 

6-2 
6-2 
4-5 
30 
1-5 
0 
0 . 

Transducer Output due to"Vertical 
Motion of Specimen. 
300 Hz Component. 
Compressive Stress. 

With Waveshape 
Control. 

Without] 
With 

Without i 
Waveshape 
Control.: 

Waves hap̂ ^ 
Control 

0-3 0-6 0-9. 1-2 1-5 1-8 i Tesla (Pk.) 
FIG.5.1."NormarComponent of Specimen Vibration . 1 VI; 



s h i f t s , i t was decided to r e s t r i c t the t r a n s d u c e r 
s e p a r a t i o n to 2 mm f o r every 10 mm from the clamped end 
of the specimen. Reference to the E r r o r A n a l y s i s of 
Chapter Four shows t h a t , f o r 0.5% e r r o r i n n u l l i n g and 0.5° 
phase s h i f t , the worst output e r r o r w i l l be 3.5%, and the 
phase e r r o r l e s s than 5°. T h i s was c o n s i d e r e d a c c e p t a b l e 
s i n c e a l l the c a l i b r a t i o n r e s u l t s were b e t t e r than the l i m i t s 
mentioned above. 

The n o i s e l e v e l of the system was'also 
a s s e s s e d as a p o s s i b l e source o f ^ e r r o r . With the output 
a t t e n u a t o r (as shown i n F i g . 4.15- of Chapter Four) s e t a t 
zero a t t e n u a t i o n , the g a i n of the X - Y p l o t t e r used to 
r e c o r d a l l r e s u l t s was i n c r e a s e d a t each c e n t r e frequency 
of i n t e r e s t and the peak - peak f l u c t u a t i o n s recorded. Then, 
by s e t t i n g a d e f l e c t i o n corresponding to a known displacement 
l e v e l from the t r a n s d u c e r s mounted on the V i b r a t i n g Block, * 
the n o i s e amplitude could be determined. T h i s was foiand to 
have a worst peak - peak amplitude e q u i v a l e n t to 0.4 pip^, 
corresponding to a s t r a i n of 0.05 ;ie f o r a t r a n s u d c e r 
s e p a r a t i o n of 8 mm. T h i s was c o n s i d e r e d a c c e p t a b l e . 

A t t e n t i o n to d e t a i l i n the measuring procedure 
was completed by e n s u r i n g t h a t the specimen was demagnetised 
p r i o r to any measurement. Thus, a f t e r a p p l i c a t i o n of a new 
l e v e l of s t r e s s by a d d i t i o n to the weights hung on the l e v e r 
arm d e s c r i b e d i n Chapter Four, the i n d u c t i o n (as sensed by 
the s e a r c h c o i l around the g r a i n under examination) was 
i n c r e a s e d t o s a t u r a t i o n (observed on a B/H l o o p ) . The 
e x c i t a t i o n , a t 50 Hz, was then reduced t o zero a t ^ a uniform 
r a t e . 

5.2 G r a i n S e l e c t i o n arid P o s i t i o n . 

S e v e r a l h a l f - E p s t e i n samples of l a r g e -
g r a i n e d S i l i c o n - I r o n had been prepared f o r examination. Each 
of these was examined i n t u r n by the domain o b s e r v a t i o n 
equipment. Most of the specimens e x h i b i t e d e i t h e r poor 
s u r f a c e p r e p a r a t i o n causing domain p a t t e r n s of poor c o n t r a s t 
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(inadequate f o r high q u a l i t y photography of the p a t t e r n s ) 
or i n s u f f i c i e n t s t r e s s r e l i e f annealing causing Complex 
S t r e s s P a t t e r n I I types of domain s t r u c t u r e (1) even i n the 
un s t r e s s e d s t a t e . 

E v e n t u a l l y a g r a i n was found near to the 
centre of a specimen having a t y p i c a l s t r u c t u r e i n w e l l 
a l i g n e d m a t e r i a l ; i t e x h i b i t e d a Spike domain s t r u c t u r e , 
c l a s s i f i e d byP"axton.& N i l a n (2) as having an angle of dip 
i n the range of 2 ^ - 4 ° , and i t s [ool] a x i s was yawed away =: 
from the l o n g i t u d i n a l a x i s of the specimen by 5*̂ . T h i s 
angle was esti m a t e d by r o t a t i o n of the g r a t i c u l e i n the 
eye p i e c e of the domain o b s e r v a t i o n equipment away from 
the h o r i z o n t a l . 

The g r a i n s i z e was approximately 20 mm 
l o n g i t u d i n a l l y by 14 mm t r a n s v e r s e l y , being roughly 
t r a p e z o i d a l i n shape. I t s c e n t r e was 42 mm from the clamped 
end of the specimen. I t ha^. p r e v i o u s l y been l o c a t e d as 
one of many p o s s i b l e g r a i n s by the use of a device marketed 
as a Magnetic Tape Viewer. T h i s c o n s i s t s of a c o l l o i d a l 
suspension of magnetic p a r t i c l e s contained i n a c l e a r 
p l a s t i c c o n t a i n e r . P l a c i n g t h i s onto a specimen and 
tapping the device causes the p a r t i c l e s to a l i g n w i t h domain 
w a l l s , much i n the way of the C o l l o i d Technique o u t l i n e d i n 
Chapter Four, S e c t i o n 4.1. A l l of the p o s s i b l e g r a i n s so 
obtained showed a reasonably w e l l d e f i n e d bar p a t t e r n of 
domains, and they were a l l prepared f o r s e a r c h c o i l s p r i o r 
to s u r f a c e p r e p a r a t i o n . 

The p o s i t i o n of t h i s g r a i n determined the 
minimum s e p a r a t i o n of the t r a n s d u c e r needles as decided by 
the E r r o r A n a l y s i s of Chapter Four, and the c a l i b r a t i o n 
process o u t l i n e d above. T h i s has been e s t a b l i s h e d as 2 mm 
fo r every 10 mm from the clamped end of the specimen; so f o r 
the g r a i n chosen, the needle s e p a r a t i o n was s e t at 8mm. 

5.3 M a g n e t o s t r i c t i o n Measurement P a r a l l e l t o the R o l l i n g 
• D i r e c t i o n . 

With i n c r e a s i n g compressive s t r e s s i n the range 
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0 - 6 . 2 t4Pa (.0-900 P.S.I) a p p l i e d i n the plane of the 
sheet, p a r a l l e l to the r o l l i n g d i r e c t i o n , l o n g i t u d i n a l 
m a g n e t o s t r i c t i o n was measured i n the g r a i n d e s c r i b e d above, 
with the t r a n s d u c e r needles spaced s y m m e t r i c a l l y about the 
ce n t r e of the g r a i n . Measurements were made a t each d i s c r e t e 
frequency of 100, 200 and 300 Hz f o r each increment of s t r e s s 
over an i n d u c t i o n range between the demagnetised s t a t e and 
s a t u r a t i o n as detected by the s e a r c h c o i l around the g r a i n . 
T h i s was done f o r the two c o n d i t i o n s o f s i n u s o i d a l i n d u c t i o n 
(feedback a p p l i e d to the e x c i t a t i o n as d e s c r i b e d i n Chapter 
Four S e c t i o n 4.4.2) and n a t u r a l i n d u c t i o n (no feedback). 
Examples of the e f f e c t s of feedback a r e demonstrated i n the 
photographs of F i g s 5.2 and 5.3, which show the magnetising 
c u r r e n t and o v e r a l l g r a i n i n d u c t i o n near to s a t u r a t i o n both 
with and without feedback. 

5.3.1 S i n u s o i d a l ( C o n t r o l l e d ) F l u x Waveshape. 

The graphs of F i g s 5.4., 5.5 and 5.6 ( a ) , ( b ) , 
(c) show the r e s u l t s obtained f o r l o n g i t u d i n a l harmonic 
m a g n e t o s t r i c t i o n with the o v e r a l l g r a i n i n d u c t i o n c o n t r o l l e d 
to be s i n u s o i d a l . The photograph of F i g . 5.7 shows a t y p i c a l 
o v e r a l l m a g n e t o s t r i c t i o n waveform along w i t h the 
corresponding l e v e l of i n d u c t i o n , and the photograph of F i g . 
5.8 shows a t y p i c a l " b u t t e r f l y " loop obtained f o r the 
fundamental m a g n e t o s t r i c t i o n harmonic. 

From the graphs, curves of m a g n e t o s t r i c t i o n as 
a f u n c t i o n of the compressive s t r e s s may be obtained a t 
d i s c r e t e l e v e l s of i n d u c t i o n . These are shown i n F i g s . 5.9 
and 5.10 f o r each of the f i r s t t h r e e harmonics, a t i n d u c t i o n 
l e v e l s , of 0.9, 1,2, 1.5 and 1.8T. 

The shape of the curves obtained a t 100 are 
s i m i l a r to those reported by other workeTs(3, 4, 5 ) . The 
l a r g e i n c r e a s e occuring i n the range 0-2 MPa (O - 300 P.S.I) 
r e l a t e s to the changeover between the predominant bar domain 
s t r u c t u r e of the demagnetised s t a t e , and the S t r e s s Induced 
Pattern I of Corner and Mason (6) as d e s c r i b e d i n Chapter 
Three, S e c t i o n 3.3.2. 



FIG.5.2. T y p i c a l Magnetising C u r r e n t 
I n d u c t i o n Waveforms w i t h 
Feedback C o n t r o l . 

and 

FIG.5.3. T y p i c a l Magnetising C u r r e n t and 
I n d u c t i o n Waveforms without 
Feedback C o n t r o l . 
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F I G 5.7. T y p i c a l M a g n e t o s t r i c t i o n and I n d u c t i o n 
Waveforms w i t h Feedback C o n t r o l . 

F I G . 5.8. T y p i c a l 100 Hz M a g n e t o s t r i c t i o n 
• B u t t e r f l y * loop w i t h Feedback 
C o n t r o l of I n d u c t i o n , 
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The c u r v e s o b t a i n e d f o r the 2nd and 3rd 
m a g n e t o s t r i c t i o n harmonics a r e new, not h a v i n g p r e v i o u s l y 
been r e p o r t e d . They show a s i m i l a r b e h a v i o u r to the 
fundamental (100 Hz) r e l a t i o n s h i p w i t h s t r e s s , a l though t h e 
l a r g e i n c r e a s e d u r i n g the o n s e t o f S t r e s s P a t t e r n I i s not 
as marked as f o r the fundamental s t r a i n . • 

5 . 3 . 2 • N a t u r a l ( U n c o n t r o l l e d ) F l u x Waveshape. 

The measurements of s e c t i o n 5 . 3 . 1 . a r e 
repea ted but w i thout feedback i n the e x c i t a t i o n c i r c u i t s , 
a l l o w i n g the i n d u c t i o n to d i s t o r t i n o r d e r to accommodate 
the B/H loop when a s i n u s i o d a l e x c i t a t i o n v o l t a g e i s a p p l i e d . 

The r e s u l t s o b t a i n e d a r e shown i n F i g s 5 . 1 1 , 
5 . 1 2 , and 5 .13 ( a ) , ( b ) . Photographs of a t y p i c a l o v e r a l l 
m a g n e t o s t r i c t i o n waveform cind a fundamental " b u t t e r f l y " 
loop a re shown i n F i g s 5.14 and 5 . 1 5 . 

The c o r r e s p o n d i n g d e r i v e d c u r v e s o f 
m a g n e t o s t r i c t i o n harmonics v e r s u s c o m p r e s s i v e s t r e s s a r e 
shown i n F i g s 5.16 and 5 . 1 7 . 

As f o r the p r e v i o u s c a s e w i t h C o n t r o l l e d 
I n d u c t i o n , the fundamental c u r v e s a re s i m i l a r to those 
a l r e a d y r e p o r t e d , but a g a i n the 2nd and 3rd harmonics show 
a f l a t t e r response p a r t i c u l a r l y a t lower i n d u c t i o n s . These 
l a t t e r c u r v e s a r e new, n o t h a v i n g been r e p o r t e d b e f o r e . 

5 . 3 . 3 Comparison of R e s u l t s f o r L o n g i t u d i n a l M a g n e t o s t r i c t i o n 

A comparison of the c u r v e s of F i g s 5.4 and 5.11 
f o r the fundamental m a g n e t o s t r i c t i o n a t 100 Hz show s i m i l a r 
f e a t u r e s i n both shape and magni tude. However t h e r e a r e 
s i g n i f i c a n t d i f f e r e n c e s between the b e h a v i o u r of the 2nd and 
3rd harmonics f o r the c o n d i t i o n s of C o n t r o l l e d and 
U n c o n t r o l l e d i n d u c t i o n . These d i f f e r e n c e s a re h i g h l i g h t e d by 
a d i r e c t comparison measured on the same graph: F i g 5 .18 
shows t h e 2nd harmonic a t a s t r e s s of 4 -5 MPa and F i g 5 .19 
shows the 3rd harmonic a t the same s t r e s s l e v e l . These 
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F I G . 5,14. T y p i c a l M a g n e t o s t r i c t i o n and 
I n d u c t i o n Waveforms without 
Feedback C o n t r o l . 

F I G . 5.15. T y p i c a l 100 Hz M a g n e t o s t r i c t i o n 
• B u t t e r f l y * loop without Feedback 
C o n t r o l of I n d u c t i o n . 
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curves are t y p i c a l of the e f f e c t and only one stress l e v e l 
i s shown f o r b r e v i t y . 

Examination of these curves reveals a 
surprising r e s u l t , since the values f o r natural induction 
(when that induction w i l l contain a higher harmonic content) 
are lower than the values wit h c o n t r o l l e d , sinusoidal 
induction. 

A possible explanation of t h i s phenomena can 
be obtained i f the v a r i a t i o n of f l u x harmonics with peak 
f l u x density are examined. The va r i a t i o n s i n the 3rd and 
5th harmonics of f l u x density were measured over the range 
of stress levels f o r peak inductions up to saturation. The 
values were recorded on the X - Y p l o t t e r by the means 
described i n Chapter Four, Section 4,4.3. The res u l t s f o r 
the case of zero stress and 0.76 MPa are shown i n Fig. 5.20, 
and f o r a stress of 4.5 MPa i n Fig 5.21. 

For the higher stress case of Fig. 5.21 i t w i l l 
be noticed that a minimum occurs i n the 3rd harmonic of 
induction at around 1.8T. Simultaneous observation of the 
f l u x waveforms during the measurements revealed a phase 
change i n the 3rd harmonic w i t h respect t o the fundamental 
at around the same induction. 

An experiment was therefore conducted t o 
measure the phase r e l a t i o n s h i p beween the fundamental and 
3rd harmonic of induction. This was conducted at a stress 
l e v e l of 4.5 MPa, and the phase s h i f t measured by s e t t i n g 
up Lissajou figures on the X - Y oscilloscope included i n 
the Apparatus. The peak induction was increased from the 
demagnetized state i n increments up to saturation, and the 
phase angle and i t s sense with respect to the fundamental 
recorded at each increment. The r e s u l t obtained i s shown 
in Fig 5.22, wherein the phase lag i s seen to be about 130^ 
up t o around 1.8T, then changes rapi d l y to 10^ lag.as the 
induction i s increased to saturation. 
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Reference to the Theory developed i n Chapter 
Three, Section 3.3,4, shows how such a phase change i n the 
f l u x harmonic can explain the phenomena revealed i n Figs, 
5.18 and 5.19. A summary graph of the re s u l t s of t h i s 
theory i s shown again i n Fig. 5,2 3, wherein i t w i l l be seen 
that a cross-over exists between the conditions of 
controlled (p=o) c i n d uncontrolled (p>o) f l u x waveforms at 
phase s h i f t s between 80^ and 130° lag. I n p a r t i c u l a r , 
f o r the above measured res u l t s at a stress of 4.5 MPa, when 
from Fig 5.21 the f l u x i s seen to contain a maximum 3rd 
harmonic of about 9%, and approximating the magnetostriction 
hysteresis to a value c<=' 10°, a crossover w i l l occur at 
between 60° and 70°, Above t h i s angle the theory preidicts 
t hat the uncontrolled f l u x waveshape condition w i l l lead t o 
lower magnetostriction harmonics than f o r the c o n t r o l l e d 
condition. 

When the rapid phase change occurs aroiind 
1,8T the theory predicts a large increase i n harmonic content 
when the phase angle approaches zero, as shown i n Fig 5.23. 
This i s indeed the case, and explains the experimental 
curves of Figs. 5,18 and 5.19. 

The reason f o r the phase change i n the 3rd 
harmonic of f l u x can be explained with reference to the 
changes i n the shape of the B-H loop caused by (a) stress-
induced d i s t o r t i o n , and (b) saturation. Below the knee of 
the curve stress-induced d i s t o r t i o n exists alone and 
produces harmonics, as shown by the example of the 3rd 
harmonic produced from a s t r e s s - d i s t o r t e d B-H loop i n the 
photographs of Figs, 5.24 and 5.25. Increasing stress w i l l 
increase the d i s t o r t i o n and increase the f l u x harmonic 
content as previously shown by the curves of Figs 5.20 and 
5,21, I t w i l l be seen i n the photograph of Fig 5.25 that 
the phase of the 3rd harmonic produces a "peaky" f l u x 
waveform, the phase angle approaching 180 lag. 

With the onset of saturation another, separate, 
source of d i s t o r t i o n occurs, as shown i n the photographs of 
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F I G . 5.24. T y p i c a l B - H loop showing S t r e s s 
Induced D i s t o r t i o n . 

B 50 

F I G . 5.25, T y p i c a l F l u x Waveshape and 
T h i r d Harmonic of F l u x produced 
by the S t r e s s D i s t o r t i o n of FIG.5.24 
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F I G 5.26 T y p i c a l B - H loop showing the 
S a t u r a t i o n C o n d i t i o n under s t r e a s 

/ 

3 S o 

F I G 5.27 T y p i c a l F l u x Waveshape and T h i r d 
Harmonic of flux produced by the 
S a t u r a t i o n C o n d i t i o n of F I G . 5.24 



Figs. 5.26' and 5.27, producing a " f l a t - t o p " f l u x waveform 
with a harmonic phase angle approaching zero degrees. 

t^en the two cases are combined, as the 
induction increases, the e f f e c t i v e addition of the two, 
separate 3rd harmonics produces an amplitude change and 
a phase change, appearing as a sideways s h i f t along the time 
axis. This i s exactly the e f f e c t shown i n the phase angle 
v a r i a t i o n of Fig 5.22. 

Thus there i s a large 3rd harmonic phase s h i f t 
f o r f l u x densities below the knee of the magnetization curve, 
and, from the Theory of Chapter Three, Section 3.3.4, t h i s 
w i l l cause a reduction i n the 2nd and 3rd harmonics of 
magnetostriction. Above the knee the phase s h i f t approaches 
zero and produces a large increase i n both magnetostriction 
harmonics. 

5.3.4. The Effect of Tensile Stress 

Due to r e - o r i e n t a t i o n of supplementary domain 
structure from the + [lOOl and + [ o l o l d i r e c t i o n s i n t o the 
[ool] d i r e c t i o n nearest to the r o l l i n g d i r e c t i o n under the 
application of t e n s i l e stress i n that d i r e c t i o n , i t w i l l be 
expected to observe very small values of magnetostriction. 
This i s the p r e d i c t i o n of theory and i s the experimental 
conclusion of other workers (7,8)." 

A measurement of l o n g i t u d i n a l magnetostriction 
harmonics was made at a t e n s i l e stress of 3 MPa and the 
res u l t s are shown i n Fig 5.28. A maximum l e v e l of 0.9 ^e 
i s observed at saturation f o r the fundamental s t r a i n , 
approximately 5% of that f o r the case of compressive stress. 

The curves of Fig. 5.28 also indicate the noise 
l e v e l i n the measuring equipment, equivalent to a s t r a i n of 
about 0.05 ;ie at 300 Hz. They also reveal the l e v e l of 
s e n s i t i v i t y (resolution) obtained; thus at 100 Hz i t i s 
possible to resolve changes i n the order of 0.025 ^e,-
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o equivalent t o 2 A at 8 mm transducer separation. 

5.4 • Magnetostriction Measurements Trajisverse t o the 
' Ro l l i n g D i r e c t i o n . 

These measurements were made f o r the same 
range of stresses and induction as before, but with the 
transducers rotated through 90° about the c e n t r a l , 
l o n g i t u d i n a l axis of the gr a i n , 

5.4.1, Sinusoidal (Coritrolled) Flux Waveshape. 

The f l u x waveshape co n t r o l was i d e n t i c a l to 
that previously employed f o r Section 5,3,1. The re s u l t s f o r 
the f i r s t three magnetostriction harmonics versus peak 
f l u x density i n the grain are shown i n Figs. 5.29, 5.30 
and 5.31, 

The derived curves f o r magnetostriction versus 
compressive stress are shown i n Figs 5.32 and 5.33. 

The shapes of these curves are s i m i l a r t o 
those f o r the l o n g i t u d i n a l magnetostriction but at a 
reduced l e v e l . Those at 100 Hz are s i m i l a r t o reported 
values by other workers, but the 2nd and 3rd harmonics are 
new r e s u l t s , showing s i m i l a r i t i e s to the fundamental. As 
before, the increase i n s t r a i n during the onset of Stress 
Pattern I i s apparent. 

5.4.2. Natural (Uncontrolled) Flux Waveshape. 

The res u l t s of Section 5,4.1. are repeated 
but with no feedback control of the specimen e x c i t a t i o n , as 
i n Section 5.3.2. The results are shown i n Figs 5.34, 
5.35 and 5,36 with the derived curves of magnetostriction 
harmonics versus compressive stress shown i n Figs 5.37 and 
5.38, 

The same comments may be made regarding the 
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general shape o f the curves as f o r a l l previous 
measurements, and, as before,, the high e r harmonics show 
lower values below about 1.8T when the i n d u c t i o n i s 
u n c o n t r o l l e d as compared t o the c o n t r o l l e d ( s i n u s o i d a l ) 
c o n d i t i o n . 

5.4.3 • Comparison o f Results f o r Transverse M a g n e t o s t r i c t i o n 

The consequences of a comparison between the 
r e s u l t s o f Section 5,4.1, and Section 5,4.2 and the 
siibsequent e x p l a n a t i o n are e s s e n t i a l l y the same as those 
given i n Section 5.3.3. f o r m a g n e t o s t r i c t i o n harmonics 
measured p a r a l l e d t o the r o l l i n g d i r e c t i o n . The noteworthy 
d i f f e r e n c e s between the 2nd and 3rd harmonics f o r the 
c o n d i t i o n s of c o n t r o l l e d and u n c o n t r o l l e d i n d u c t i o n are 
again apparent, and are explained by c a n c e l l a t i o n o f f l u x 
• t h i r d harmonics and the r e s u l t a n t phase s h i f t near t o 
s a t u r a t i o n . 

Curves are not in c l u d e d i n the i n t e r e s t s of 
b r e v i t y but can" be d e r i v e d from Figs 5.29 t o 5,38. 

5.5 Re l a t i o n s h i p s between L o n g i t u d i n a l and Transverse 
M a g n e t o s t r i c t i o n Harmonics. 

The theory of the o r i g i n s o f m a g n e t o s t r i c t i o n 
presented i n Chapter Three, Section 3.3.2, suggests t h a t a 
simple 2:1 r e l a t i o n s h i p e x i s t s between st r e s s e s a p p l i e d i n 
t e n s i o n , transverse t o the r o l l i n g d i r e c t i o n and stresses 
a p p l i e d i n compression, p a r a l l e d t o the r o l l i n g d i r e c t i o n , 
which w i l l p r o v i d e the same l o n g i t u d i n a l m a g n e t o s t r i c t i o n , 
during the existence of the Stress Induced P a t t e r n I . ( 6 ) . 

An a l t e r n a t i v e theory f o r the case when 
transverse-and l o n g i t u d i n a l m a g n e t o s t r i c t i o n l e v e l s are 
compared f o r compressive s t r e s s i n the r o l l i n g d i r e c t i o n 
only can be developed as f o l l o w s . 

I t has been shown i n Chapter Three, Section 
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3.3.2 t h a t the increase i n magnetoelastic energy i n a 
cubic c r y s t a l iinder s t r e s s i s given by 

E^ = - a - A . 5.1 

where the s t r e s s ( o ^ ) i s p o s i t i v e f o r t e n s i o n or negative 
f o r compression, and where X i s given by equation 3.7 o f 
Chapter Three. Combining these equations gives 

3.\co C m > C m ^ + C m t - i 
9 

3X,M l,lim,mj+ li^fTij^m^ . 5 . 2 

where 1^ I2 I 3 are the d i r e c t i o n cosines o f the measurement 
d i r e c t i o n s f o r X , m ^ m2 are the d i r e c t i o n cosines of the 
domain s a t u r a t i o n magnetization (M^), w i t h respect t o the 
d i r e c t i o n i n which the s t r e s s i s a p p l i e d . 

For a compressive s t r e s s along the r o l l i n g 
d i r e c t i o n , and w i t h \ measured i n the same d i r e c t i o n , then 
1^ = m̂  = 
Therefore 
1^ = = cos 0° = 1, I 2 = = I 3 = = cos 90° = 0 

Ex = + c r ^ X.oo 1 - ± 
2 3 

cr 5.3 

However, i f A i s now measured i n the tra n s v e r s e 
d i r e c t i o n a t r i g h t angles t o the d i r e c t i o n of compressive 

-^hen ^1 = ^2 ~ "̂3 ~ = O, m̂^ = 1, m2 = m^ = 
cos 90° = 0. 



Therefore 

E x = + cr 1 X,oo j ° ' J - j 
2 ^ 3 

J_ 0- Xloo 5.A 
2 

Comparison of equation 5,3 cind 5.4 shows t h a t 
a compressive s t r e s s of twice the magnitude w i l l need t o be 
a p p l i e d i n the r o l l i n g d i r e c t i o n i n order t o produce the 
same e f f e c t on the m a g n e t o s t r i c t i o n measured i n the tra n s v e r s e 
d i r e c t i o n as compared t o when i t was measured i n the 
r o l l i n g d i r e c t i o n . 

The negative s i g n a r i s e s since any l o n g i t u d i n a l 
extension w i l l be accompanied by a transverse c o n t r a c t i o n or 
v i c e - v e r s a , the Poisson E f f e c t . 

E q u a l l y , f o r the same l e v e l of compressive 
s t r e s s the m a g n e t o s t r i c t i o n measured i n the transverse 
d i r e c t i o n w i l l be h a l f t h a t value measured i n the 
l o n g i t u d i n a l or r o l l i n g d i r e c t i o n . 

To t e s t t h i s t h e o r y , values of the f i r s t 
t h r e e m a g n e t o s t r i c t i o n harmonics r e p o r t e d i n Sections 5.3.1. 
and 5.3.2. f o r the case of measurements p a r a l l e l t o the 
r o l l i n g d i r e c t i o n have been p l o t t e d against those values 
r e p o r t e d i n Section 5.4.1 and 5.4.2 f o r the case of 
transverse measurements. 

These e x p e r i m e n t a l l y d e r i v e d r e s u l t s are 
shown i n Figs 5.39, 5.40 and 5.41 f o r the f i r s t , second and 
t h i r d m a g n e t o s t r i c t i o n harmonics r e s p e c t i v e l y . 

Examination of these r e s u l t s shows a good 
c o r r e l a t i o n w i t h the 2:1 r a t i o p r e d i c t e d by the th e o r y , not 
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j u s t f o r the fundamental m a g n e t o s t r i c t i o n but also f o r the 
2nd and 3rd harmonics. Departures from the theory appear a t 
high i n d u c t i o n (1.8T) and a t the higher s t r e s s l e v e l s 
i n v o l v e d i n the measurements. At high i n d u c t i o n s around 
the knee of the curve i t i s p o s s i b l e t h a t domain r o t a t i o n s 
away from the easy d i r e c t i o n s of magnetization p a r a l l e l t o 
the cube edges are s t a r t i n g t o occur. For t h i s case the 
theory would not be a p p l i c a b l e as i t assumes t h a t the Ms 
Vectors l i e along the easy d i r e c t i o n s . A t higher s t r e s s 
l e v e l s the Stress Induced P a t t e r n I (on which the o r i g i n a l 
theory of Corner and Mason was based) may be a l t e r i n g t o 
the more complex P a t t e r n I I or Maze P a t t e r n f o r which no 
p r e d i c t a b l e t h e o r i e s or u n d e r l y i n g domain s t r u c t u r e s have 
been s a t i s f a c t o r i l y produced. 

I n g e n e r a l , however, w i t h i n the l i m i t s o f the 
the o r y , the above experimental r e s u l t s seem t o c o n f i r m a 
2:1 r a t i o between m a g n e t o s t r i c t i o n harmonics as measured 
l o n g i t u d i n a l l y and t r a n s v e r s e l y f o r the same l o n g i t u d i n a l 
compressive s t r e s s . 

5.6 V a r i a t i o n of Percentage M a g n e t o s t r i c t i o n Harmonics 

The t h e o r e t i c a l p r e s e n t a t i o n o f Chapter 3, 
Section 3.3.4 demonstrated a p o s s i b l e dependence between the 
magnitude and phasor r e l a t i o n s h i p s o f i n d u c t i o n harmonics and 
the percentage harmonics i n the m a g n e t o s t r i c t i o n , when the 
higher harmonics are expressed as p.u. values w i t h respect t o 
the fundamental (100 Hz) s t r a i n . 

I n order t o t e s t t h i s h y pothesis, the r e s u l t s 
obtained f o r m a g n e t o s t r i c t i o n harmonics r e p o r t e d i n e a r l i e r 
s e c t i o n s of t h i s Chapter have been expressed as p.u. values, 
and p l o t t e d against l o n g i t u d i n a l compressive s t r e s s a t 
var i o u s l e v e l s of i n d u c t i o n . 

The p.u. values of i n d u c t i o n 3rd harmonic, 
when the i n d u c t i o n i s n o t c o n t r o l l e d , have a l s o been p l o t t e d 
f o r comparative purposes, and the r e s u l t s are shown i n 
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Fig 5.42, a t peak i n d u c t i o n s of 0.9, 1.2, 1.5, 1.7 and 
1.8T, I t w i l l be seen t h a t as the i n d u c t i o n increases 
above about 1.2T the l e v e l o f p.u. harmonic f a l l s . This 
i s c o n s i s t e n t w i t h the theory o u t l i n e d i n Section 5.3.3, 
which ex p l a i n e d the phase - s h i f t phenomenon o f the 3rd 
harmonic. I t w i l l also be n o t i c e d t h a t f o r stresses above 
about 3 MPa the p.u. harmonic becomes n e a r l y constant. 

5.6.1 Percentage M a g n e t o s t r i c t i o h Measurements 

For the case when m a g n e t o s t r i c t i o n was 
measured p a r a l l e l t o the r o l l i n g d i r e c t i o n , i n the same 
d i r e c t i o n as the a p p l i e d compressive s t r e s s , the d e r i v e d 
values of p.u. 2nd and 3rd harmonics are shown i n Figs 5.43 
and 5.44 r e s p e c t i v e l y . Each graph shows the r e s u l t f o r the 
two c o n d i t i o n s o f c o n t r o l l e d ( s i n u s o i d a l ) i n d u c t i o n and 
u n c o n t r o l l e d ( n a t u r a l ) i n d u c t i o n . 

S i m i l a r l y , f o r the case when measurements 
were made transverse t o the r o l l i n g d i r e c t i o n , the d e r i v e d 
r e s u l t s are shown i n Figs 5.45 and 5.46 r e s p e c t i v e l y . 

Examination o f these curves enables t h r e e 
general conclusions t o be reached:-

(1) When the i n d u c t i o n i s c o n t r o l l e d , both 
h i g h e r harmonics show l i t t l e v a r i a t i o n as the i n d u c t i o n 
changes. 

(2) VThen the i n d u c t i o n i s not c o n t r o l l e d , 
both h i g h e r harmonics show a pronounced v a r i a t i o n as the 
i n d u c t i o n changes, being less than the c o n t r o l l e d i n d u c t i o n 
case below about 1.5T and g r e a t e r f o r i n d u c t i o n s o f 1.8T, 

(3) For e i t h e r c o n d i t i o n of i n d u c t i o n , the 
p.u. harmonics appear t o vary w i t h s t r e s s , showing a w e l l 
d e f i n e d d i p a t about 1 MPa before r i s i n g and s t a r t i n g t o 
l e v e l a t about 3 MPa. 
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5.6.2 T h e o r e t i c a l A n a l y s i s o f P ercentage Harrnonics 

An e x p l a n a t i o n o f t h e above r e s u l t s may be 
o b t a i n e d by r e c o u r s e t o t h e o r i g i n a l t h e o r e t i c a l t r e a t m e n t 
o f Chapter Three. 

The e q u a t i o n s d e v e l o p e d f o r t h e f u n d a m e n t a l 
and 2nd harmonic o f m a g n e t o s t r i c t i o n a r e reproduced"below:• 

A. = 4 K B 
n 

3p coslcr*^^) - I c o s o c 
5 3 

cos 2wt 

+ 4 K B 
TT 

2_ sin oc - 2. p s in ( oc + ^ ) 
3 5 

sin 2wt 

\ = 4 K B 
TT 

3 p c o s ( o c i + X c o s a 
7 15 

cos 4wt 

4 4 K B 
rr 

4sin oc + 4. p sin (oc 1 ) 
15 7 

s i n 4wt 

Vsliere K i s some c o n s t a n t embracing g r a i n m i s o r i e n t a t i o n (0) 
t h e m a g n e t o s t r i c t i o n c o n s t a n t X.oo and d i m e n s i o n a l p r o p e r t i e s 
o f t h e m a t e r i a l ; p i s t h e p.u. magnitude o f 3 r d harmonic 
i n d u c t i o n ; )i i s t h e phase a n g l e between t h e 3 r d harmonic 
i n d u c t i o n and i t s f u n d a m e n t a l ; OC r e p r e s e n t s t h e a n g l e o f 
l a g between t h e m a g n e t o s t r i c t i o n and t h e i n d u c t i o n due t o 
any h y s t e r e s i s . 

I f p=o when t h e c o n t r o l l e d i n d u c t i o n c o n t a i n s 
no h a r m o n i c s , and assuming t h a t OC i s s m a l l so t h a t cos OC » 
s i n ce J t h e n t h e p.u. second harmonic o f m a g n e t o s t r i c t i o n w i l l 
be 
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bJ_ = J _ = 0-2 p.u. 
\ \ \ 15 

S i m i l a r l y from t h e e q u a t i o n f o r X j d e v e l o p e d 
i n S e c t i o n 3.3.4. 

\^\ = 3 = 0-086 p.u. 
35 

Thus t h e p e r c e n t a g e 2nd and 3 r d harmonics i n 
\ w i l l be c o n s t a n t and i n d e p e n d e n t o f t h e l e v e l o f i n d u c t i o n 

I f p > o when t h e n a t u r a l i n d u c t i o n w i l l 
c o n t a i n a 3 r d h a m o n i c , t h e n t h e c o n c l u s i o r s o f S e c t i o n 
3.3.4 w i l l a p p l y . These have been examined e a r l i e r i n t h i s 
C h a p t e r i n S e c t i o n 5.3.3, where i t was shown t h a t below 
t h e knee o f t h e B-H c u r v e , t h e h i g h e r m a g n e t o s t r i c t i o n 
harmonics (and hence t h e p.u. v a l u e s ) w i l l be l e s s t h a n 
f o r t h e case when p=o. When t h e i n d u c t i o n i n c r e a s e s t h e 
h i g h e r harmonics w i l l i n c r e a s e r a p i d l y due t o t h e e f f e c t i v e 
phase change i n t h e phase a n g l e ( y ) between t h e i n d u c t i o n 
3r d harmonic and i t s f u n d a m e n t a l . 

The above a n a l y s i s was made by c o n s i d e r a t i o n 
o f two s p e c i f i c cases o f domain s t r u c t u r e . These were :-

(1) t h e u n s t r e s s e d s t a t e o f a w e l l a l i g n e d 
g r a i n when o n l y b a r - t y p e s u r f a c e c l o s u r e s t r u c t u r e s were 
p r e s e n t , due t o t h e g r a i n b e i n g i n t h e p l a n e o f t h e s h e e t 
( a n g l e o f d i p , 0, z e r o ) o r because s u f f i c i e n t t e n s i l e s t r e s s 
had been a p p l i e d t o remove any su p p l e m e n t a r y s t r u c t u r e 
caused by 0 > o; 
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.(,2) a g r a i n under s u f f i c i e n t c ompressive 
s t r e s s t o c r e a t e a w e l l d e f i n e d S t r e s s P a t t e r n I as d e f i n e d 
i n C hapter 3. 

Between t h e s e two s t a t e s o f s t r e s s t h e r e w i l l 
e x i s t a changeover p e r i o d , t h e o n s e t o f S t r e s s P a t t e r n I , 
f o r w h i c h no s i m p l e domain s t r u c t u r e s can be p o s t u l a t e d t o 
e n a b l e p r e d i c t i o n o f volume w e i g h t e d sums o f domains a l o n g 
t h e easy d i r e c t i o n s o f m a g n e t i z a t i o n , a p r o c e s s r e q u i r e d by 
t h e t h e o r e c t i c a l a n a l y s i s o f Ch a p t e r Three. 

Hence, f o r e i t h e r case o f i n d u c t i o n w i t h o r 
w i t h o u t h a r m o n i c s , t h e p.u. m a g n e t o s t r i c t i o n harmonics w i l l 
have a v a l u e o f about 20% f o r t h e 2nd and 9% f o r t h e t h i r d 
a t z e r o s t r e s s . When t h e s t r e s s i s i n c r e a s e d u n t i l t h e 
f o r m a t i o n o f a w e l l d e f i n e d S t r e s s P a t t e r n I t h e h i g h e r 
harmonics w i l l a g a i n have t h e v a l u e s g i v e n above f o r t h e 
case when t h e i n d u c t i o n i s s i n u s o i d a l and w i l l be 
inde p e n d e n t o f i n d u c t i o n l e v e l . I f t h e i n d u c t i o n c o n t a i n s 
harmonics t h e n t h e p.u. m a g n e t o s t r i c t i o n harmonics w i l l be 
dependent on i n d u c t i o n l e v e l , b e i n g l o w e r t h a n b e f o r e up 
towards t h e knee o f t h e B-H l o o p and g r e a t e r t h a n b e f o r e f o r 
h i g h e r i n d u c t i o n s . 

Between t h e two s t a t e s o f s t r e s s , no 
p r e d i c t i o n s have been made r e g a r d i n g t h e m a g n e t o s t r i c t i o n 
h a r m o n i c s . 

5.6.3 D i s c u s s i o n o f R e s u l t s . 

E x a m i n a t i o n o f F i g s 5.43 t o 5.46 c o n f i r m i n 
g e n e r a l t h e t h e o r e t i c a l o b s e r v a t i o n s m a d e above. For 
example, a t 4.5 MPa s t r e s s and w i t h s i n u s o i d a l i n d u c t i o n , 
t h e 2nd p.u. harmonic has a v a l u e o f 0.22 + 0.020 p.u. o v e r 
t h e i n d u c t i o n range 0.9 t o 1.8T, when measured p a r a l l e l t o 
t h e r o l l i n g d i r e c t i o n . The e q u i v a l e n t f i g u r e f o r t h e 3 r d 
harmonic i s 0.08 + 0.010 p.u, o v e r t h e i n d u c t i o n range 1.2 
t o 1.8T. 
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A sxoininary. o f t h e r e s u l t s o b t a i n e d f o r each 
s e t o f measurement c o n d i t i o n s i s shown i n t h e T a b le o f F i g 
5.47, f o r t h e c o n d i t i o n o f 4.5 MPa compressive s t r e s s . 

A t z e r o s t r e s s t h e r e s u l t s a r e n o t 
c o n c l u s i v e , p a r t i c u l a r l y f o r t h e 2nd harmonic w i t h 
c o n t r o l l e d i n d u c t i o n , and f o r t h e 3 r d harmonic. I n t h e 
l a t t e r case t h e l e v e l s o f m a g n e t o s t r i c t i o n b e i n g measured 
were l e s s t h a n 0.1 jie up t o 1.8T i n d u c t i o n , and, d e s p i t e 
t h e c a r e t a k e n w i t h t h e a p p a r a t u s , i t i s f e l t t h a t such 
s m a l l measurements were n o t a c c u r a t e l y a c c o m p l i s h e d . They 
have, t h e r e f o r e , n o t been i n c l u d e d i n F i g s 5.44 and 5.46. 

I n g e n e r a l , however, i t i s c o n s i d e r e d t h a t 
t h e above e x p e r i m e n t a l r e s u l t s c o n f i r m t h e t h e o r e t i c a l 
p r e d i c t i o n s made f o r t h e p.u. h i g h e r m a g n e t o s t r i c t i o n 
-harmonics when t h e h a rmonic c o n t e n t o f t h e i n d u c t i o n i s 
t a k e n i n t o a c c o u n t . 
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r\5 

P.U. 2nd X P.U. 3rd X 

Tesla 1-2 1-5 1-8 1-2 1-5 1-8 

Longi tudinal X Sine B 0-218 0-232 0-2A 0-071 0 084 0-09 

MPa Nat.B 0 - K 2 0-179 0-298 0-046 0 056 0-069 

T r a n s v e r s e X Sine B 0 1 8 0-225 0-241 0-064 0 058 0 063 

/»-5 MPa Nat .B 0 0 9 0-156 0-256 0 02 2 0-028 0-052 

Long i tud ina l X Sine B 00A8 0-077 0-24 

Zero s t r e s s Nat. B 015A 0-175 0-273 All Strains < 01/je 

T r a n s v e r s e X Sine B 0 1 8 8 . 0-139 0 056 
• 

Zero s t r e s s Nat. B 0 2 2 0-18 2 0 083 

FIG. 5.47. P E R UNIT MAGNETOSTRICTION HARMONIC 

VARIATION WITH INDUCTION, 
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CHAPTER S I X 

CONCLUSIONS TO THE INVESTIGATION 

F o r dynamic, power f r e q u e n c y m a g n e t o s t r i c t i o n 
measured p a r a l l e l t o t h e r o l l i n g d i r e c t i o n and t r a n s v e r s e t o 
t h a t d i r e c t i o n w i t h i n a g r a i n o f p o l y c r y s t a l l i n e 3,25% S i - F e , 
and w i t h c o m p r e s s i v e s t r e s s a p p l i e d a l o n g t h e r o l l i n g 
d i r e c t i o n , t h e f o l l o w i n g c o n c l u s i o n may be made r e g a r d i n g 
t h e f i r s t t h r e e h a r m o n i c s o f t h e m a g n e t o s t r i c t i o n :-• 

(1) They e x h i b i t a s t r e s s s e n s i t i v i t y 
s i m i l a r i n n a t u r e t o t h e a l r e a d y w e l l known s e n s i t i v i t y o f 
t h e o v e r a l l , t o t a l m a g n e t o s t r i c t i o n . 

(2) E a c h h a r m o n i c shows a 2:1 r a t i o i n '/i 
m agnitude between v a l u e s i n t h e r o l l i n g d i r e c t i o n compared t o 
t h o s e i n t h e t r a n s v e r s e d i r e c t i o n , w h i c h a g r e e s w i t h a 
t h e o r e t i c a l p r e d i c t i o n o f s u c h a r e l a t i o n s h i p . 

(3) Both t h e 2nd and 3 r d h a r m o n i c s o f 
m a g n e t o s t r i c t i o n a r e dependent on t h e l e v e l o f 3rd h a r m o n i c 
i n t h e f l u x waveshape. 

(4) T h i s dependence i s m o d i f i e d by t h e 
phase r e l a t i o n s h i p between t h e 3rd h a r m o n i c o f f l u x and i t s 
f u n d a m e n t a l . At i n d u c t i o n s below t h e knee o f t h e m a g n e t i z a t i o n 
c u r v e an i n c r e a s e i n f l u x 3 r d h a r m o n i c due t o c o m p r e s s i v e 
s t r e s s e s r e s u l t s i n a r e d u c t i o n i n m a g n e t o s t r i c t i o n h a r m o n i c s . 
At t h e knee a p h a s e change i n t h e f l u x h a r m o n i c o c c u r s w h i c h 
l e a d s t o a l a r g e i n c r e a s e i n m a g n e t o s t r i c t i o n h a r m o n i c s . 

(5) E a c h p e r c e n t a g e h i g h e r h a r m o n i c w i l l be 
a p p r o x i m a t e l y c o n s t a n t and i n d e p e n d e n t o f i n d u c t i o n l e v e l when 
t h e i n d u c t i o n i n t h e g r a i n i s c o n t r o l l e d t o be s i n u s o i d a l , 
f o r a w e l l d e f i n e d S t r e s s P a t t e r n I . When t h e i n d u c t i o n 
c o n t a i n s h a r m o n i c s , t h e p e r c e n t a g e h i g h e r m a g n e t o s t r i c t i o n 
h a r m o n i c s w i l l be m o d i f i e d i n l i n e w i t h C o n c l u s i o n ( 4 ) . T h e s e 
c o n c l u s i o n s a g r e e w i t h a t h e o r e t i c a l p r e d i c t i o n o f s u c h 
r e l a t i o n s h i p s , 
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