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ABSTRACT 

A s u r v e y o f t h e methods o f o b s e r v i n g B a r k h a u s e n 
n o i s e was made and a s u i t a b l e s y s t e m o f measurement 
i d e n t i f i e d f o r l a b o r a t o r y measurements t o be c a r r i e d 
o u t on s t e e l samples. 

A c o i l s y s t e m t o measure t h e B a r k h a u s e n n o i s e f r o m 
s a m p l e s was c o n s t r u c t e d . The n o i s e was sampled and 
r e c o r d e d t o m i c r o c o m p u t e r by means o f a t r a n s i e n t 
r e c o r d e r . The e x p e r i m e n t a l p a r a m e t e r s were s e l e c t e d t o 
o p t i m i s e t h e d a t a . 

A F a s t F o u r i e r T r a n s f o r m was p e r f o r m e d on t h e 
n o i s e d a t a by means o f a l i b r a r y r o u t i n e on a m a i n f r a m e 
c o m p u t e r and t h e r e s u l t s p l o t t e d as t h e power s p e c t r a 
o f t h e d a t a . The r e c o r d e d v o l t a g e p r o f i l e o f t h e n o i s e 
was a l s o p l o t t e d . 

The s y s t e m was v e r i f i e d by use o f g r a i n o r i e n t e d 
s i l i c o n i r o n samples. The power s p e c t r a and v o l t a g e 
p r o f i l e s were p l o t t e d and, when compared w i t h t h e 
r e s u l t s o f o t h e r w o r k e r s , were f o u n d t o be f a v o u r a b l e . 
T e s t s were p e r f o r m e d on c o n s t r u c t i o n a l s t e e l samples. 

The power s p e c t r a and v o l t a g e p r o f i l e s f r o m t h e 
c o n s t r u c t i o n a l s t e e l s were c o n s i d e r e d w i t h t h e 
c o e r c i v i t y and remanence o f t h e s t e e l s and a 
r e l a t i o n s h i p s o u g h t . No s i m p l e g e n e r a l r e l a t i o n s h i p 
was i d e n t i f i e d a l t h o u g h e m p i r i c a l r e l a t i o n s h i p s were 
s u g g e s t e d f o r some o f t h e d a t a . A k n o w l e d g e o f t h e 
m i c r o s t r u c t u r e o f t h e s t e e l i s r e q u i r e d t o e x p l a i n some 
o f t h e r e s u l t s . 

The power s p e c t r a and v o l t a g e p r o f i l e s were 
a s s e s s e d i n t e r m s o f t h e h y s t e r e s i s l o o p shape and 
i n f l u e n c e o f m i c r o s t r u c t u r e on t h e v a l u e o f c o e r c i v i t y . 
I t was f o u n d t h a t t h e s e were t h e i n f l u e n c i n g f a c t o r s i n 
t h e B a r k h a u s e n n o i s e . The e f f e c t o f p l a s t i c 
d e f o r m a t i o n on power s p e c t r a was i n v e s t i g a t e d . 

R e s u l t s o f an i n d u s t r i a l i n v e s t i g a t i o n were 
r e p o r t e d . 
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CHAPTER 1 - INTRODUCTION 

1. 1 MAGNETISM 

The m a g n e t i c p r o p e r t i e s o f some m a t e r i a l s have 

been known f o r many c e n t u r i e s . The a b i l i t y t o a t t r a c t 

and r e p e l o t h e r magnets was o b s e r v e d and t h e c o n c e p t o f 

p o l e s and f i e l d s d e v e l o p e d . A summary o f some o f t h e 

b a s i c m a g n e t i c p a r a m e t e r s i s g i v e n i n t h i s c h a p t e r . 

A m a g n e t i c f i e l d i n f r e e space w i t h i n t e n s i t y , H, 

g i v e s r i s e t o a m a g n e t i c i n d u c t i o n o r f l u x d e n s i t y , B, 

where; 
B = MoH 

The f a c t o r p.^ i s c a l l e d t h e p e r m e a b i l i t y o f f r e e space. 

I f t h e same m a g n e t i c f i e l d a c t s on a s u b s t a n c e t h e r e 

w i l l be an a d d i t i o n a l component t o B due t o t h e 

m a t e r i a l , M. B can now be e x p r e s s e d as; 

B = <H+M) 

The r e l a t i v e p e r m e a b i l i t y o f t h e m a t e r i a l i s g i v e n by; 

T h e r e f o r e ; 
B = 1 + M 

H 
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T h i s c an be e x p r e s s e d as; 

MT- = 1 + k 

where k i s t h e s u s c e p t i b i l i t y o f t h e m a t e r i a l . 

1. 2 CLASSES OF MAGNETIC BEHAVIOUR 

The r e s p o n s e o f m a t e r i a l s t o an a p p l i e d m a g n e t i c 

f i e l d , w h e t h e r f r o m a permanent magnet o r an e l e c t r i c 

c u r r e n t , has g i v e n r i s e t o t h r e e g e n e r a l c l a s s e s o f 

m a g n e t i c b e h a v i o u r ; f e r r o m a g n e t i s m , d i a m a g n e t i s m and 

paramagnet ism. 

M a t e r i a l s s h o w i n g f e r r o m a g n e t i c b e h a v i o u r a r e so 

named because t h e y d i s p l a y s i m i l a r r e s p o n s e s t o i r o n . 

The r e l a t i v e p e r m e a b i l i t y j i ^ > > l and m a g n e t i c s a t u r a t i o n 

can be a c h i e v e d a t r e l a t i v e l y s m a l l a p p l i e d f i e l d s . I n 

t h e t r a n s i t i o n m e t a l s t h e r e i s an i n t e r a c t i o n between 

t h e e l e c t r o n s p i n s r e s u l t i n g i n an o r d e r e d m a g n e t i c 

s y s t e m w h i c h c a n o n l y be b r o k e n down by h i g h 

t e m p e r a t u r e s . 

M a t e r i a l s w h i c h behave as d i a m a g n e t s a r e made up 

o f atoms o r i o n s h a v i n g no m a g n e t i c moment. They do, 

however, show a r e s p o n s e t o an a p p l i e d m a g n e t i c f i e l d . 

The i n d i v i d u a l o r b i t i n g e l e c t r o n s behave i n such a way 

as t o p r o d u c e a p r e c e s s i o n a l m o t i o n , g i v i n g r i s e t o a 

component o f m a g n e t i c moment i n t h e o p p o s i t e d i r e c t i o n 

t o t h e a p p l i e d f i e l d . The s u s c e p t i b i l i t y o f t h e s e 

m a t e r i a l s i s n e g a t i v e . 



M a t e r i a l s c l a s s e d as p a r a m a g n e t s show a s m a l l 

p o s i t i v e s u s c e p t i b i l i t y w h i c h i n c r e a s e s as t e m p e r a t u r e 

i s l o w e r e d . I n a c l a s s i c a l paramagnet t h e 

s u s c e p t i b i l i t y t e n d s t o v e r y l a r g e v a l u e s as a b s o l u t e 

z e r o i s a p p r o a c h e d . I n many paramagnets, however, 

t h e r e a r e i n t e r a c t i o n s b etween t h e moments w h i c h g i v e 

r i s e t o m a g n e t i c o r d e r i n g a t l o w t e m p e r a t u r e s . For 

t h e s e t h e s u s c e p t i b i l i t y r i s e s t o a v e r y l a r g e v a l u e a t 

some f i n i t e t e m p e r a t u r e ; t h e p a r a m a g n e t i c C u r i e 

t e m p e r a t u r e . 

I n a d d i t i o n t o t h e s e t h r e e main c l a s s e s , t h e r e a r e 

two a s s o c i a t e d t y p e s o f m a g n e t i c b e h a v i o u r ; 

a n t i f e r r o m a g n e t i s m and f e r r i m a g n e t i s m . An 

a n t i f e r r o m a g n e t i c m a t e r i a l i s one i n w h i c h t h e m a g n e t i c 

moments a r e a l i g n e d a n t i p a r a l l e l t o each o t h e r g i v i n g a 

n e t moment o f z e r o ; a f e r r i m a g n e t i c m a t e r i a l i s 

s i m i l a r , b u t t h e moments i n each d i r e c t i o n a r e u n e q u a l 

g i v i n g a n e t m a g n e t i s a t i o n . 

1. 3 FERROMAGNETISM 

S t e e l s a r e i n t h e c l a s s o f f e r r o m a g n e t s and t h a t 

c l a s s w i l l be d i s c u s s e d i n more d e t a i l . A 

f e r r o m a g n e t i c m a t e r i a l i s one i n w h i c h v e r y l a r g e 

changes i n m a g n e t i s a t i o n may be measured f o r s m a l l 

c hanges i n a p p l i e d f i e l d . The m a g n e t i s a t i o n does n o t 

o n l y depend on t h e a p p l i e d f i e l d b u t on t h e p r e v i o u s 

h i s t o r y o f t h e sample. Permanent magnets can be made 
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f r o m c e r t a i n f e r r o m a g n e t i c m a t e r i a l s w h i c h r e t a i n t h e i r 

m a g n e t i s a t i o n i n t h e absence o f an e x t e r n a l l y a p p l i e d 

f i e l d . The same m a t e r i a l can, however, e x i s t i n a 

s t a t e s h o w i n g l i t t l e o r no permanent m a g n e t i s a t i o n . 

The s o u r c e o f m a g n e t i c moments i n t r a n s i t i o n m e t a l 

based f e r r o m a g n e t i c m a t e r i a l s i s t h e moment o f t h e 

e l e c t r o n s p i n . The i n t e r a c t i o n b etween s p i n s causes a 

s i t u a t i o n w i t h p a r a l l e l a l i g n m e n t o f s p i n s t o 

c o r r e s p o n d t o a s t a t e o f minimum en e r g y . T h e r e i s an 

exchange c o u p l i n g b e t w e e n t h e s p i n s o f a l l t h e atoms 

w h i c h g i v e s a s t r o n g enough i n t e r a c t i o n t o e x p l a i n t h e 

o b s e r v e d p r o p e r t i e s o f f e r r o m a g n e t s . The model, 

however, w o u l d s u g g e s t t h a t a f e r r o m a g n e t i c m a t e r i a l 

w o u l d be u n l i k e l y t o d i s p l a y a n o n - m a g n e t i s e d s t a t e . 

1. 4 MAGNETIC DOMAINS 

I t was t h e r e f o r e p o s t u l a t e d by Weiss [ 1 ] t h a t t h e 

m a t e r i a l i s d i v i d e d i n t o m a g n e t i c domains, each w i t h a 

d i f f e r e n t d i r e c t i o n o f m a g n e t i s a t i o n and bounded by a 

domain w a l l . The domain model a l l o w e d f o r t h e t o t a l 

m a g n e t i s a t i o n t o be z e r o . The domain s t r u c t u r e f o r a 

m a t e r i a l i s a minimum e n e r g y c o n d i t i o n , t h e e n e r g y 

s t o r e d i n t h e m a g n e t i c f i e l d b e i n g b a l a n c e d by t h e 

e n e r g y h e l d i n t h e domain w a l l s . 

T h e r e a r e v a r i o u s f a c t o r s w h i c h i n f l u e n c e t h e 

domain p a t t e r n i n a f e r r o m a g n e t i c m a t e r i a l . A m a g n e t i c 

f i e l d , H, a p p l i e d t o a domain w i t h m a g n e t i c i n t e n s i t y , 
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M, w i l l g i v e r i s e t o a c o u p l e <HMsin9) p e r u n i t volume, 

t e n d i n g t o change t h e d i r e c t i o n o f M t o w a r d s t h e 

d i r e c t i o n o f H. 9 i s t h e a n g l e between H and M. 

The m a g n i t u d e o f H w i l l depend on t h e 

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

be t h e v a l u e o f t h e a p p l i e d e x t e r n a l f i e l d . 

The e n e r g y i n v o l v e d i n d e t e r m i n i n g t h e domain 

s t r u c t u r e w i l l depend on t h e m a g n e t o c r y s t a l l i n e 

a n i s o t r o p y o f t h e m a t e r i a l . I n a m a g n e t i c m a t e r i a l 

t h e r e a r e d i r e c t i o n s a l o n g w h i c h i t i s e a s i e r t o 

m a g n e t i s e t h e m a t e r i a l . I f t h e m a g n e t i s a t i o n i s n o t 

a l o n g one o f t h e easy d i r e c t i o n s t h e r e w i l l be a 

c o n t r i b u t i o n t o t h e t o t a l e n e r g y o f t h e s y s t e m f r o m t h e 

a n i s o t r o p y . The m i n i m i s a t i o n o f t h i s e n e r g y 

c o n t r i b u t i o n does n o t n e c e s s a r i l y g i v e a minimum e n e r g y 

c o n d i t i o n as t h e r e may be f r e e p o l e s on t h e s u r f a c e o f 

t h e m a t e r i a l g i v i n g r i s e t o a m a g n e t o s t a t i c e n e r g y 

component. The magnet©static e n e r g y i s d e t e r m i n e d by 

an i n t e r n a l d e m a g n e t i s i n g f i e l d . T h e r e can a l s o be a 

c o n t r i b u t i o n t o t h e e n e r g y o f a s y s t e m f r o m t h e s t r e s s 

a n i s o t r o p y o f a m a t e r i a l . A change i n t h e d i m e n s i o n s 

o f a m a t e r i a l i s f o u n d t o accompany changes i n 

m a g n e t i s a t i o n . T h i s i s known as m a g n e t o s t r i c t i o n . The 

work done a g a i n s t t h e s t r e s s o f m a g n e t o s t r i c t i o n g i v e s 

a c o n t r i b u t i o n t o t h e domain e n e r g y i n t h e f o r m o f 

m a g n e t o e l a s t i c e n e r g y . 
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An example o f domain p a t t e r n s i n i r o n i s g i v e n i n 

B r a i l s f o r d 121. I t shows how t h e e n e r g y o f a s y s t e m 

may be m i n i m i s e d ( f i g u r e 1. 1 ) . 

<A> shows t h a t t h e m a g n e t o c r y s t a l l i n e a n i s o t r o p y 

component o f m a g n e t i s a t i o n i s a minimum i f t h e 

m a g n e t i s a t i o n d i r e c t i o n i s a l o n g one o f t h e easy 

d i r e c t i o n s . The m a g n e t o s t a t i c e n e r g y i n t h i s case 

i s l a r g e . 

<B) shows t h a t t h e i n t r o d u c t i o n o f more domains can 

r e d u c e t h e m a g n e t o s t a t i c e n e r g y w i t h o u t a f f e c t i n g 

t h e m a g n e t i c a n i s o t r o p y component. 

<C) shows no f r e e p o l e e n e r g y b u t t h e r e w o u l d be a 

s i g n i f i c a n t c o n t r i b u t i o n t o t h e e n e r g y f r o m 

m a g n e t o e l a s t i c e n e r g y . 

<D) shows t h a t t h e e n e r g y can be a minimum f o r 

a n i s o t r o p y e n e r g y , z e r o f o r m a g n e t o s t a t i c e n e r g y 

and t h e m a g n e t o e l a s t i c e n e r g y can be r e s t r i c t e d t o 

s m a l l r e g i o n s a t t h e ends o f t h e b l o c k . 

The s m a l l t r i a n g u l a r domains a r e c a l l e d c l o s u r e 

domains, t h e domain w a l l s f o r m i n g t h e s e c l o s u r e domains 

a r e c a l l e d 90° b o u n d a r i e s and t h o s e s e p a r a t i n g t h e 

o t h e r d omains shown a r e 180° w a l l s . The a n g l e r e f e r s 

t o t h e change i n m a g n e t i s a t i o n d i r e c t i o n a c r o s s t h e 

b o u n d a r y . The t o t a l m a g n e t o e l a s t i c e n e r g y c o u l d be 

r e d u c e d by i n c r e a s i n g t h e number o f domains. The 

w a l l s , however, have a f i n i t e t h i c k n e s s and an e n e r g y 

- 6 
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a s s o c i a t e d w i t h them. The minimum e n e r g y c o n d i t i o n i n 

f i g u r e 1. ID must t h e r e f o r e be a b a l a n c e between t h e 

m a g n e t o e l a s t i c e n e r g y and t h e b o u n d a r y w a l l energy. 

1. 5 MAGNETISATION CURVES 

The e x i s t e n c e o f domains can be used t o e x p l a i n 

t h e shape o f t h e m a g n e t i s a t i o n c u r v e s d i s p l a y e d by 

f e r r o m a g n e t i c m a t e r i a l s . F i g u r e 1.2 shows a t y p i c a l 

m a g n e t i s a t i o n c u r v e . As an e x t e r n a l m a g n e t i c f i e l d , H, 

i s a p p l i e d t o a f e r r o m a g n e t t h e domain p a t t e r n changes. 

The d i r e c t i o n o f m a g n e t i s a t i o n o f a domain may r o t a t e 

t o w a r d s t h e d i r e c t i o n o f t h e e x t e r n a l f i e l d o r t h e 

domain may change s i z e ( v o l u m e ) by m o v i n g i t s boundary. 

As t h e a p p l i e d f i e l d i n c r e a s e s , t h e t o t a l 

m a g n e t i s a t i o n , M, changes u n t i l a f u r t h e r i n c r e a s e i n 

e x t e r n a l f i e l d c a u s e s no change i n measured 

m a g n e t i s a t i o n . The m a t e r i a l i s s a i d t o be s a t u r a t e d , 

Ms. I f t h e e x t e r n a l f i e l d i s t h e n r e d u c e d t h e 

m a g n e t i s a t i o n w i l l n o t r e t u r n t o z e r o a l o n g t h e same 

p a t h . The domain w a l l movement i s i n h i b i t e d and t h e r e 

i s a l a g o f t h e w a l l movement b e h i n d t h e a p p l i e d f i e l d . 

At an a p p l i e d f i e l d o f z e r o t h e r e i s s t i l l some 

m a g n e t i s a t i o n , c a l l e d t h e remanence, w h i l e t h e 

m a g n e t i s a t i o n o f t h e m a t e r i a l i s o n l y r e d u c e d t o z e r o 

a t a p o i n t c a l l e d t h e c o e r c i v e f i e l d . The c o e r c i v e 

f i e l d , o r f o r c e , He, i s t h e r e v e r s e f i e l d n e c e s s a r y t o 

d e m a g n e t i s e t h e sample. The change i n a p p l i e d f i e l d 
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A T y p i c a l Magnetisation Curve 



can c o n t i n u e p a s t t h e c o e r c i v e p o i n t u n t i l s a t u r a t i o n 

i s r e a c h e d i n t h e r e v e r s e d i r e c t i o n , when i t can be 

i n c r e a s e d t o f o r w a r d s a t u r a t i o n a g a i n g i v i n g a c l o s e d 

l o o p , t h e h y s t e r e s i s l o o p . The work done on t h e 

m a t e r i a l i n c h a n g i n g t h e domain p a t t e r n i s p r o p o r t i o n a l 

t o t h e a r e a e n c l o s e d by t h e - l o o p . C l o s e r i n s p e c t i o n o f 

t h e h y s t e r e s i s l o o p r e v e a l s t h a t t h e r e a r e d i s t i n c t 

r e g i o n s t o i t . F i g u r e 1. 2 shows t h e s e r e g i o n s . T h e r e 

i s a s m a l l r e g i o n , s t a r t i n g f r o m a d e m a g n e t i s e d s t a t e , 

<0), f o r w h i c h t h e change i n m a g n e t i s a t i o n i n r e s p o n s e 

t o an e x t e r n a l f i e l d i s c o m p l e t e l y r e v e r s i b l e . T h i s i s 

c a l l e d t h e R a y l e i g h r e g i o n , OA on f i g u r e 1.2. Domain 

w a l l s move b u t t h e y r e t u r n t o t h e i r o r i g i n a l p o s i t i o n 

when t h e f i e l d i s removed. Beyond t h e i n i t i a l r e g i o n 

t h e c h anges i n m a g n e t i s a t i o n a r e i r r e v e r s i b l e , AB on 

f i g u r e 1.2. T h e r e i s a c e r t a i n amount o f r o t a t i o n o f 

domain m a g n e t i s a t i o n s , b u t t h e m a j o r i t y o f t h e change 

i s due t o t h e i r r e v e r s i b l e movement o f domain w a l l s 

f r o m one s t a b l e p o s i t i o n t o a n o t h e r . The movement o f 

w a l l s c e a s e s a f t e r a c e r t a i n p o i n t on t h e m a g n e t i s a t i o n 

c u r v e and t h e changes i n m a g n e t i s a t i o n a r e a g a i n 

r e v e r s i b l e , BC on f i g u r e 1. 2. Most o f t h e changes i n 

t h i s r e g i o n a r e due t o r o t a t i o n o f t h e m a g n e t i s a t i o n . 

The r e g i o n CD on f i g u r e 1.2 i s m o s t l y r e v e r s i b l e 

r o t a t i o n . 

The r e g i o n o f i r r e v e r s i b l e m a g n e t i s a t i o n i s t h a t 

w h i c h i s o f i n t e r e s t f o r t h e p r e s e n t i n v e s t i g a t i o n , as 

t h i s i s where t h e B a r k h a u s e n n o i s e o c c u r s . The 
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m a j o r i t y of t h e n o i s e i s found i n t h e s e c t i o n DE on 

f i g u r e 1.2. F i g u r e 1.3 shows a two d imensional 

diagrammatic r e p r e s e n t a t i o n of p o s s i b l e domain w a l l 

energy v a r i a t i o n . 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 , H, i s e q u i v a l e n t t o a p p l y i n g a p r essure t o t h e 

domain w a l l . I f t h e w a l l t r a v e l s i n a m a t e r i a l where 

t h e w a l l energy varies,- as shown i n f i g u r e 1. 3, the 

w a l l w i l l be d i s p l a c e d from i t s minimum energy p o s i t i o n 

at Sp by t h e a p p l i e d pressure. I f i t i s d i s p l a c e d , 

t h e r e w i l l be a r e s t o r i n g f o r c e on t h e w a l l g i v e n by 

t h e g r a d i e n t of t h e w a l l energy / p o s i t i o n curve; 

dE„ = aWsHcose 

ds 

where i s t h e m a g n e t i s a t i o n of t h e domain, H t h e 

a p p l i e d f i e l d and 8 t h e angle between Ms and H. The 

g r a d i e n t reaches a maximum at t h e p o i n t of i n f l e x i o n , 

S j . The w a l l energy / p o s i t i o n curve i s not a simple 

curve, as t h e w a l l energy w i l l v a ry as t h e w a l l i s 

impeded by i m p u r i t i e s or i m p e r f e c t i o n s i n t h e c r y s t a l 

s t r u c t u r e . These impediments may be i n t h e form of 

i n c l u s i o n s , p r e c i p i t a t e s , g r a i n boundaries or 

d i s l o c a t ions. 

I f H i s i n c r e a s e d f u r t h e r , t h e w a l l w i l l make an 

i r r e v e r s i b l e move t o where th e r e s t o r i n g f o r c e i s 

g r e a t e r and can balance t h e pressure. The i r r e v e r s i b l e 

Jumps w i l l occur u n t i l t h e w a l l reaches t h e p o s i t i o n of 

maximum w a l l energy g r a d i e n t . The i r r e v e r s i b l e Jumps 
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are Barkhausen Jumps, each jump r e p r e s e n t i n g t he s m a l l 

d i s c o n t i n u o u s movement of a domain w a l l i n t h e 

m a t e r i a l . 

10 -



CHAPTER 2 - THE BARKHAUSEN EFFECT 

2. 1 OBSERVATIONS OF BARKHAUSEN NOISE 

The Barkhausen e f f e c t was named a f t e r I t s 

d i s c o v e r e r i n 1919 E l l . The e f f e c t was f i r s t n o t i c e d 

by l i s t e n i n g t o t h e sound i n headphones connected t o a 

c o i l s u r r o u n d i n g a ferromagnet as t h e l a t t e r was 

g r a d u a l l y magnetised . The no i s e was a t t r i b u t e d t o the 

sudden changes i n m a g n e t i s a t i o n a s s o c i a t e d w i t h t h e 

motion o f domain w a l l s . 

The e f f e c t has s i n c e been s t u d i e d i n d i f f e r e n t 

ways. The two major methods are those i n v o l v i n g t h e 

c o u n t i n g o f s i n g l e Jumps and those r e l a t i n g t o t h e 

power s p e c t r a of t h e jumps. I t i s p o s s i b l e t o observe 

Barkhausen n o i s e by o p t i c a l means; t h e Jumps of domain 

w a l l s may be seen c l e a r l y on a s u i t a b l y prepared 

s u r f a c e under a microscope. The stu d y of Barkhausen 

n o i s e has c o n t r i b u t e d t o t h e knowledge of m a t e r i a l s and 

t h e i r magnetic domain s t r u c t u r e and more r e c e n t l y has 

been assessed as a n o n - d e s t r u c t i v e t e s t i n g <NDT> t o o l . 

The range o f m a t e r i a l s s t u d i e d i s v a r i e d ; n i c k e l , i r o n , 

s i l i c o n i r o n and p o l y c r y s t a l l i n e m a t e r i a l s , a l l have 

t h e i r own Barkhausen c h a r a c t e r i s t i c s . 
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2. 2 MAGNETISING COIL 

The two major methods of o b s e r v i n g Barkhausen 

n o i s e b o t h r e q u i r e a means t o p r o v i d e a magnetic f i e l d 

f o r t h e m a t e r i a l t o be exposed t o and a dev i c e t o 

" l i s t e n " t o t h e Barkhausen noise. The magnetic f i e l d 

has m o s t l y been p r o v i d e d by a c o i l w i t h a c u r r e n t 

f l o w i n g i n i t . The c o i l has e i t h e r taken t h e form of 

an e n c l o s i n g c o i l , such as t h a t of Rulka [ 2 ] , i n s i d e 

which t h e m a t e r i a l t o be t e s t e d l i e s , or of a c o i l 

wound on a core, such as a C core, which can be s u r f a c e 

mounted on a sample [ 3 ] . The c u r r e n t f l o w i n g i n the 

m a g n e t i s i n g c o i l has m o s t l y been a t r i a n g u l a r waveform 

ramping t h e f i e l d up and down; t h i s g i v e s a constant 

r a t e o f change of a p p l i e d f i e l d C4] . Some workers have 

a t t e m p t e d t o c r e a t e a constant r a t e of change of 

m a g n e t i s a t i o n i n t h e sample by means of a feedback 

system [ 53 . 

2.3 PICK-UP COIL 

The method of " l i s t e n i n g " t o t h e n o i s e has not 

changed much s i n c e e a r l y measurements. The usual 

method i s t o use a c o i l t o d e t e c t t h e Jumps, the 

measurement b e i n g made by t h e magnitude of t h e induced 

v o l t a g e i n t h e c o i l . The p i c k - u p c o i l s used have taken 

d i f f e r e n t shapes and s i z e s . B i o r c i and P e s c a t t i C6] 

f o r example used two c o i l s wound i n o p p o s i t i o n , each 
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c o n s i s t i n g of 4000 t u r n s , l e n g t h 1•3cm t h e i r axes being 

a l i g n e d w i t h t h e d i r e c t i o n of m a g n e t i s a t i o n . T i i t t o et 

a l . C2] used o n l y one c o i l of 2000 t u r n s , l e n g t h 12mm, 

but i t was p l a c e d at r i g h t angles t o t h e m a g n e t i s a t i o n 

d i r e c t i o n . G r l i n d l et a l . C 7] c r e a t e d a t h r e e 

d i m e n s i o n a l measuring system f o r Barkhausen nois e and 

found t h a t t h e r e was more Barkhausen n o i s e p i c k e d up at 

90° t o t h e m a g n e t i s a t i o n d i r e c t i o n than i n t h e 

m a g n e t i s a t i o n d i r e c t i o n . 

The geometry and p r o p e r t i e s of pic k - u p c o i l s have 

been i n v e s t i g a t e d by Tebble et a l . C81 and Heiden and 

Storm C9]. I t i s c l e a r t h a t t h e p i c k - u p c o i l geometry 

i s i m p o r t a n t as i t causes d i s t o r t i o n of t h e appearance 

of t h e Barkhausen jumps. One i m p o r t a n t f a c t o r i s t h e 

l e n g t h o f t h e c o i l , as shown by McClure and Schr5der 

C10] . The shape of an i n d i v i d u a l Barkhausen event i s 

assumed t o be a r e c t a n g l e . The pu l s e shape i s 

d i s t o r t e d a c c o r d i n g t o a f a c t o r a l where 1 i s t h e c o i l 

l e n g t h and a a f u n c t i o n of t h e p e r m e a b i l i t y of t h e 

sample and t h e d i s t a n c e of a Barkhausen event from t he 

c o i l . Tebble et a l . [ 8 ] co n s i d e r e d t h e c o i l and t h e 

Barkhausen Jump t o be coupled i n d u c t o r s each w i t h a 

c h a r a c t e r i s t i c t i m e constant. I f t h e ti m e constant of 

th e c o i l i s s h o r t e r than t h e time constant of t h e 

Barkhausen jump, th e n t h e c o i l w i l l have l i t t l e e f f e c t 

on t h e induced p u l s e shape., 
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2. 4 RECORDING BARKHAUSEN NOISE 

D i f f e r e n t methods have been employed t o r e c o r d t h e 

Barkhausen n o i s e d e t e c t e d . The methods of r e c o r d i n g 

a l l i n v o l v e some measurement o f t h e v o l t a g e induced on 

the p i c k - u p c o i l and v a r i a t i o n s i n t h e v o l t a g e are 

recorded. Pulse h e i g h t a n a l y z e r s C l l ] have been used 

t o count t h e s i z e o f groups of i n d i v i d u a l Barkhausen 

events. The jump a m p l i t u d e i s determined by the 

induced v o l t a g e on t h e pi c k - u p c o i l as t h e e x t e r n a l 

f i e l d i s s l o w l y v a r i e d . T h i s i n f o r m a t i o n i s passed t o 

a system of e l e c t r o n i c gates which r e c o r d a count i n a 

p a r t i c u l a r v o l t a g e range. T h i s type of measurement i n 

the a m p l i t u d e domain has been used i n t h e assessment of 

g r a i n s i z e . t 1 2 ] . 

The power s p e c t r a of Barkhausen n o i s e are found by 

the a n a l y s i s of t h e Barkhausen s i g n a l i n t h e frequency 

domain. The o u t p u t o f t h e pi c k - u p c o i l i s c o n t i n u o u s l y 

m o n i t o r e d and t h e a n a l y s i s has been c a r r i e d out i n t h e 

past by a thermocouple d e v i c e connected t o a f l u x m e t e r 

[ 1 3 ] and more r e c e n t l y by o n - l i n e spectrum a n a l y z e r s 

[ 2] . 

2. 5 FACTORS INFLUENCING BARKHAUSEN NOISE MEASUREMENTS 

The i n f l u e n c e of t h e r a t e of change of t h e 

ma g n e t i s i n g f i e l d has been s t u d i e d , as i t was apparent 

t h a t t h i s would a f f e c t t h e Barkhausen noise. The 

14 -



Barkhausen jumps occur at d i f f e r e n t p o i n t s throughout a 

m a t e r i a l as t h e f i e l d l e v e l changes. I f t h e f i e l d i s 

changing v e r y s l o w l y , s i n g l e Barkhausen events w i l l be 

more e a s i l y d i s t i n g u i s h e d t h a n i f t h e r a t e of change of 

f i e l d i s f a s t . There have been v a r i o u s proposals made 

as t o how t h e m a g n e t i s i n g r a t e a f f e c t s t h e d i s t r i b u t i o n 

of Barkhausen Jumps. I f t h e Barkhausen Jumps c o u l d be 

c o m p l e t e l y separated, t h a t i s t h e f i e l d was changing 

i n f i n i t e l y s l o w l y , t h e jumps would f o l l o w a Poisson 

d i s t r i b u t i o n . However, i t has been shown [141 t h a t t h e 

s i n g l e jumps are not independent of each o t h e r when a 

f i e l d i s a p p l i e d a t a r e a l i s t i c r a t e of change. The 

Barkhausen events t e n d t o occur i n c l u s t e r s ; t h i s f a c t 

was a l l o w e d f o r i n a t h e o r y by Celasco et a l . [143 

which c o n s i d e r s a t r a i n of o v e r l a p p i n g pulses of random 

shape and a m p l i t u d e . The t i m e d i s t r i b u t i o n suggested 

was; 

P<t) = Kjexp -jj-jt+Kgexp - ^ ^ t 

where t h e parameters Kj , K̂ , )J L J , p.^ are a l l determined 

f r o m p h y s i c a l q u a n t i t i e s , e.g. t h e average d u r a t i o n of 

a c l u s t e r . The power spectrum of such a t r a i n of 

p u l s e s t a k i n g i n t o account t h e c o r r e l a t i o n between 

s i n g l e jumps and t h e c o r r e l a t i o n between groups of 

Jumps would be g i v e n by; 
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<D<to) = <p<6>) ( 1 + 
2 p < l - V T o ) 2 

l+6>'2p2To 2 < l - V T p ) 2 

where cp<c«)) i s t h e power spectrum i n t h e absence of 

any c o r r e l a t i o n , 

p i s t h e number of pulses i n a c l u s t e r 

V i s t h e number of pulses per u n i t t i m e 

and i s t h e t i m e between pulses. 

The above e q u a t i o n was found t o be v a l i d f o r 

m a g n e t i s i n g f r e q u e n c i e s i n t h e range O-OOlHz t o IHz. 

The importance of t h e m a g n e t i s i n g frequency was 

a l s o i n v e s t i g a t e d by T i i t t o and SSynSjakangas C15]. 

They observed t h e change i n Barkhausen spectrum w i t h 

i n c r e a s i n g sample t h i c k n e s s and m a g n e t i s i n g frequency. 

They concluded t h a t f o r m a g n e t i s i n g f r e q u e n c i e s i n t h e 

range IQ-^Hz t o lOHz f o r a l l t h i c k n e s s e s of sample 

t h e r e was a c l u s t e r e d p o r t i o n t o t h e spectrum at low 

frequency <20kHz. Above t h i s frequency t h e r e was a 

random " w h i t e " n o i s e p o r t i o n w i t h an a m p l i t u d e 

dependent on t h e homogeneity of t h e sample 

m i c r o s t r u c t u r e . The c l u s t e r e d p o r t i o n of t h e spectrum 

a l s o depends on t h e amount of n o i s e damping i n t h e 

m a t e r i a l by eddy c u r r e n t s and t h e s u r f a c e t o volume 

r a t i o . The damping was i n v e s t i g a t e d by T i i t t o and 

SaynSjakangas [ 1 5 ] and a t h e o r e t i c a l e x p r e s s i o n 

o b t a i n e d f o r how n o i s e damping may a f f e c t t h e power 

spectrum of t h e Barkhausen noise. For a spectrum 
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c o n t a i n i n g components between f^ and f ^ t h e damping 

f u n c t i o n may be g i v e n as; 

J g < f ) e x p / ( - A x f ) df 

DCx) = — 
1 g ( f ) df 

where A i s a constant 

X i s t h e depth of measurement 

and g<^f^ i s t h e n o i s e f u n c t i o n 

<g<f) = 1 f o r w h i t e n o i s e ) . 

The e x p r e s s i o n was a l s o used t o i n v e s t i g a t e t h e 

e f f e c t of t h e t h i c k n e s s of t h e sample on power spectra. 

The power spectrum p r o f i l e was shown t o be constant 

o n l y f o r i n f i n i t e l y t h i n samples, so i t was concluded 

t h a t sample t h i c k n e s s p l a y s a p a r t i n d e t e r m i n i n g 

Barkhausen n o i s e c h a r a c t e r i s t i c s . However, t he choice 

of m a g n e t i s i n g frequency i s s t i l l more im p o r t a n t . The 

s u r f a c e t o volume r a t i o was found t o a f f e c t t h e s p e c t r a 

when t h e sample was <0'15mm t h i c k . The e f f e c t of 

s u r f a c e t o volume r a t i o was a l s o i n v e s t i g a t e d by 

Celasco and F i o r i l l o C16] who found t h a t t h e r e was a 

drop i n s p e c t r a l d e n s i t y at low f r e q u e n c i e s as t h e 

sample was t h i n n e d f r o m 0•4mm t o O-lmm. I n c o n c l u s i o n , 

t h e y suggested t h a t t h e r e s h o u l d be a l i n e a r dependence 

between t h e number of Barkhausen jumps per c l u s t e r and 

th e sample t h i c k n e s s ; 
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p - d 

where p^xr-r- i s t h e average i r r e v e r s i b l e p e r m e a b i l i t y and 

d i s t h e sample t h i c k n e s s . T h i s i s s i m i l a r t o a r e s u l t 

o b t a i n e d much e a r l i e r by Storm, Heiden and Grosse Nobis 

C 171. 

2.6 THE CORRELATION DOMAIN 

The b a s i s f o r t h e s t a t i s t i c a l t r e a t m e n t of 

Barkhausen n o i s e i s t h a t t h e i n d i v i d u a l Barkhausen 

Jumps a r e c o r r e l a t e d i n t i m e and space. The idea of a 

c o r r e l a t i o n domain was i n t r o d u c e d by M a z z e t t i and 

M o n t a l e n t i [ 1 8 ] as b e i n g t h e volume over which domain 

w a l l movements were s t r o n g l y c o r r e l a t e d i n a m a t e r i a l . 

The c o u p l i n g between domain w a l l movements c o u l d be i n 

two forms C19]; d i r e c t m a g n e t o s t a t i c c o u p l i n g between 

t h e ends of each domain and i t s neighbours or i n d i r e c t 

c o u p l i n g due t o changes i n t h e l o c a l f i e l d caused by 

o t h e r domain w a l l motions. The former has a s h o r t e r 

range and i s s t r o n g e r t h a n t h e l a t t e r . The c o r r e l a t i o n 

domain w i l l s t a r t g r o w i n g at some f a v o u r a b l e s i t e , such 

as a r e v e r s e s p i k e at an i n c l u s i o n , i t w i l l then 

c o n t i n u e t o propagate by m a g n e t o s t a t i c c o u p l i n g i n a 

co n t i n u o u s chain. The second c o u p l i n g mechanism w i l l 

cause a d e n d r i t i c p a t t e r n of re v e r s e d volume t o form. 

Depending on t h e m a t e r i a l , t h e r e may be volumes between 

t h e branches caused by c o u p l i n g which w i l l r e v e r s e much 
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l a t e r i n t h e m a g n e t i s a t i o n process. I t i s because of 

t h e i n t e r - r e l a t i o n s h i p between domain r e v e r s a l s t h a t 

t h e a p p l i c a t i o n of Campbell's Theorem, which r e l a t e s 

t h e power spectrum of u n c o r r e l a t e d pulses t o the time 

d i s t r i b u t i o n of t h e p u l s e s and t h e volume of m a t e r i a l 

changed, i s now c o n s i d e r e d i n a p p r o p r i a t e f o r the 

a n a l y s i s of Barkhausen n o i s e as i t r e l a t e s o n l y t o 

random processes [ 2 0 ] . 

2.7 BARKHAUSEN NOISE IN NDT 

The movement of domain w a l l s i n a magnetic 

m a t e r i a l i s r e l a t e d t o t h e c r y s t a l s t r u c t u r e i n the 

r e g i o n i n which t h e w a l l i s moving. The presence of 

v o i d s , i n c l u s i o n s , d i s l o c a t i o n s and s t r e s s e s may 

i n f l u e n c e t h e i r r e v e r s i b l e movements of the w a l l s . The 

dependence of Barkhausen n o i s e on m a t e r i a l p r o p e r t i e s 

was r e c o g n i s e d as a p o s s i b l e means t o i n v e s t i g a t e the 

s t a t e of a m a t e r i a l . 

I t was c l e a r t h a t i f i n s t r u m e n t s were t o be used 

i n a " n o n - d e s t r u c t i v e " t e s t , t h e c o i l systems n o r m a l l y 

employed i n l a b o r a t o r y measurements would be of l i t t l e 

use. Systems which a l l o w e d f o r t h e measurement of 

Barkhausen n o i s e from t h e s u r f a c e were t h e r e f o r e 

developed. Transducers measuring Barkhausen nois e use 

t h e same p r i n c i p l e s as those f o r l a b o r a t o r y work, but 

t h e c o i l geometry i s adapted f o r s u r f a c e techniques 

[ 2 1 , 3 , 2 2 ] . Lomaev [ 2 2 ] shows many d i f f e r e n t c o i l 
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geometries, each h a v i n g a s p e c i f i c a p p l i c a t i o n . 

Barkhausen n o i s e t r a n s d u c e r s have been used t o 

make some a n a l y s i s o f g r a i n s i z e [ 1 2 ] , r e s i d u a l s t r e s s 

[ 2 3 ] , p l a s t i c d e f o r m a t i o n [ 2 4 ] , hydrogen content [ 2 5 ] 

and f e r r i t e c o n t e n t [ 2 5 ] . 

2. 8 GRAIN SIZE MEASUREMENTS 

Gr a i n s i z e measurements were made by t a k i n g t h e 

median v a l u e o f t h e a m p l i t u d e d i s t r i b u t i o n s p e c t r a o f 

th e Barkhausen Jump c l u s t e r s . The l a r g e r t h e g r a i n 

s i z e , t h e h i g h e r t h e p r o b a b i l i t y of l a r g e r Barkhausen 

c l u s t e r s . I t was observed t h a t t h i s dependence of t h e 

am p l i t u d e o f t h e jumps on g r a i n s i z e was most 

prominent i n t h e ste e p e s t p a r t of t h e h y s t e r e s i s loop 

near t o t h e c o e r c i v e p o i n t . I n terms of t h e c l u s t e r i n g 

of Barkhausen Jumps, t h e a m p l i t u d e d i s t r i b u t i o n s were 

I n t e r p r e t e d as meaning t h a t f o r s m a l l g r a i n s i z e s t h e r e 

would be more i n t e r a c t i o n between domain w a l l s and 

g r a i n boundaries c a u s i n g t h e d i s t a n c e between p i n n i n g 

s i t e s t o be sm a l l . The ti m e taken f o r t h e w a l l t o 

t r a v e l between p i n n i n g s i t e s would a l s o be small. The 

c o r r e l a t i o n domain discu s s e d e a r l i e r would grow by 

e x t e n d i n g a s m a l l amount f o r each Jump. The r e s u l t s of 

t h e g r a i n s i z e measurements were checked by more 

c o n v e n t i o n a l o p t i c a l t e c h n i q u e s and a good agreement 

was found. 
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2. 9 OBSERVATION OF DEFORMATION 

The t r a n s d u c e r e l e c t r o n i c s have a l s o been used f o r 

the o b s e r v a t i o n of r e s i d u a l s t r e s s e s i n welded 

m a t e r i a l s C23] . T e n s i l e s t r e s s i n c r e a s e s t h e median 

v a l u e of Jump a m p l i t u d e of Barkhausen nois e i n s t e e l s 

when t h e s t r e s s i s i n t h e m a g n e t i s i n g d i r e c t i o n . The 

r e l a t i o n s h i p of Barkhausen n o i s e w i t h s t r e s s can be 

d i s p l a y e d by t h e p r o g r e s s i v e a n n e a l i n g of a sample, the 

median v a l u e of Barkhausen n o i s e a m p l i t u d e g r a d u a l l y 

decreases as t h e s t r e s s i s r e l i e v e d . 

P l a s t i c d e f o r m a t i o n has been monitored w i t h a 

Barkhausen n o i s e method i n m i l d s t e e l £243 and i n 

s i l i c o n i r o n C26] . I n s i l i c o n i r o n i t was found t h a t 

t h e low frequency p o r t i o n o f t h e Barkhausen power 

spectrum was reduced as t h e d e f o r m a t i o n became g r e a t e r . 

T h i s can be i n t e r p r e t e d by c o n s i d e r i n g t h e i n c r e a s e i n 

domain w a l l p i n n i n g l o c a t i o n s as t h e s t r a i n i s 

increased. The motion of t h e domain w a l l s w i l l be 

i n t e r r u p t e d more o f t e n and t h e Barkhausen jumps w i l l be 

s m a l l e r , t h e l a r g e jumps which had made up t h e low 

fre q u e n c y p a r t o f t h e power spectrum are s p l i t i n t o 

s m a l l e r , h i g h e r frequency Jumps. M i l d s t e e l was 

deformed by K a r j a l a i n e n and Moilanen [ 2 4 ] . They 

observed t h a t l a r g e changes i n Barkhausen n o i s e 

a m p l i t u d e o c c u r r e d at t h e y i e l d p o i n t of t h e s t e e l . 

The change i n Barkhausen n o i s e when t h e s t e e l was 

magnetised i n t h e s t r a i n d i r e c t i o n was i n t h e order of 
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40%. They suggested t h a t t h e r e may be a use f o r 

Barkhausen n o i s e i n d e t e c t i n g t h e f a t i g u e l i m i t of 

c y c l i c a l l y loaded m a t e r i a l s w i t h o u t needing t o know the 

exact s t r a i n i n g c o n d i t i o n s . 

2. 10 OTHER USES IN NON-DESTRUCTIVE TESTING 

Hydrogen c o n t e n t and f e r r i t e c o n t e n t a re discussed 

by Lomaev e t a l . [ 2 5 ] . They conclude t h a t f e r r i t e 

c o n t e n t c o u l d be measured w i t h Barkhausen noise but 

care was needed i n s e l e c t i n g t h e c o r r e c t m a g n e t i s i n g 

parameters and t h a t t h e r e were t o o many o t h e r f a c t o r s 

i n v o l v e d t o be a b l e t o make s e n s i b l e e s t i m a t e s of 

hydrogen c o n t e n t . 

2. 11 RELATIONSHIP WITH BULK MAGNETIC PROPERTIES 

There has been an attempt t o r e l a t e Barkhausen 

n o i s e power s p e c t r a t o t h e b u l k magnetic p r o p e r t i e s of 

a m a t e r i a l f o r use i n an NDT te c h n i q u e [ 2 7 ] . The 

f a c t o r s i n f l u e n c i n g power s p e c t r a s h o u l d be s i m i l a r t o 

those i n f l u e n c i n g c o e r c i v i t y , m a i n l y impediments, t o 

domain w a l l movement. Rautioaho et a l . [ 2 7 ] f o l l o w e d a 

method which gave a r e p r e s e n t a t i o n of r e l a t i v e 

c o e r c i v i t y of a m a t e r i a l . The r e l a t i v e c o e r c i v i t y was 

g i v e n by t h e va l u e i n amperes o f t h e ma g n e t i s i n g 

c u r r e n t i n t h e i r c o i l system r e q u i r e d t o g i v e h a l f t h e 

maximum Barkhausen n o i s e v o l t a g e p i c k - u p from t h e 
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m a t e r i a l . The power s p e c t r a f o r t h e Barkhausen nois e 

i n t h e m a t e r i a l s were p l o t t e d and t h e r e l a t i o n s h i p 

between t h e r e l a t i v e c o e r c i v i t y and t h e frequency of 

the power spectrum maximum observed. There was no 

d i r e c t c o r r e l a t i o n found. 

2. 12 MAGNETO-ACOUSTIC EMISSION 

The abrupt movements of domain w a l l s i n Barkhausen 

n o i s e g e n e r a t e e l a s t i c waves i n t h e m a t e r i a l . These 

waves can be d e t e c t e d by a p i e z o - e l e c t r i c t r a n s d u c e r 

[ 2 8 ] and can g i v e i n f o r m a t i o n about t h e s t a t e of a 

m a t e r i a l . The main d i f f e r e n c e between t h e e l a s t i c wave 

pick-up, magneto-acoustic noise, and Barkhausen nois e 

i s t h a t magneto-acoustic n o i s e i s s e n s i t i v e o n l y t o 

changes i n 90' domain w a l l s , as t h e movement of 180' 

w a l l s does not change t h e l o c a l s t r a i n i n t h e m a t e r i a l . 

I t has been shown by B u t t l e et a l . [ 2 9 ] t h a t t h e r e are 

two peaks i n t h e magneto-acoustic v o l t a g e p r o f i l e and 

t h r e e i n t h e Barkhausen n o i s e p r o f i l e . The ou t e r peaks 

of t h e Barkhausen n o i s e p r o f i l e s , t aken at ve r y low 

ma g n e t i s i n g frequency, correspond t o t h e 90° w a l l 

movements and t h e c e n t r a l peak t o t h e 180° w a l l 

movements. The two m a g n e t o - e l a s t i c peaks correspond t o 

th e two o u t e r peaks i n Barkhausen n o i s e v o l t a g e 

p r o f i l e . 

I t was shown by B u t t l e et a l . [ 2 9 ] t h a t magneto-

a c o u s t i c n o i s e i s s e n s i t i v e t o p r e c i p i t a t e s . 
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d i s l o c a t i o n s and t e n s i l e s t r e s s . A l i m i t e d s e n s i t i v i t y 

t o damage induced by n e u t r o n i r r a d i a t i o n was found. 

The s e n s i t i v i t y of magneto-acoustic n o i s e t o 

s t r e s s was n o t i c e d e a r l i e r by Burkhardt et a l . [ 3 0 ] . 

They concluded t h a t t h e r e was scope f o r t h e development 

of an NDT method. The main problem was t o be ab l e t o 

q u a n t i f y r e s u l t s , but used i n c o n j u n c t i o n w i t h 

Barkhausen n o i s e techniques, an e f f e c t i v e t r e a t m e n t of 

r e s u l t s may be developed. 

2. 13 THE BARKHAUSEN EFFECT IN SILICON IRON 

The methods of s t u d y i n g Barkhausen n o i s e i n 

s i l i c o n i r o n a r e those d e s c r i b e d e a r l i e r . Some 

s p e c i f i c work has been done on g r a i n o r i e n t e d s i l i c o n 

i r o n by B r i t i s h S t e e l f o r t h e European Coal and S t e e l 

Community (ECSC) [313. The purpose of t h e work was t o 

be a b l e t o i n f e r t h e s t a t e of t h e s t e e l d u r i n g t h e 

p r o d u c t i o n process i n ord e r t o cut down on waste 

products. The a n a l y s i s of t h e Barkhausen n o i s e was 

made i n t h e freq u e n c y domain i n t h e form o f power 

s p e c t r a and i n t h e a m p l i t u d e domain i n t h e form of 

v o l t a g e p r o f i l e s . I t was found t h a t t h e n o i s e was 

c o n c e n t r a t e d i n two r e g i o n s i n a h a l f c y c l e o f 

m a g n e t i s a t i o n , one at e i t h e r s i d e of t h e c o e r c i v e 

p o i n t . The work was mostly c a r r i e d out i n a c o i l 

system m o d i f i e d t o g i v e a constant r a t e of change of 

m a g n e t i s a t i o n I n t h e sample. A s i m i l a r p a t t e r n would 
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be expected f o r a con s t a n t r a t e of change of a p p l i e d 

f i e l d but t h e peaks would be of a d i f f e r e n t shape and 

s i z e . The power s p e c t r a p l o t t e d i n t h e second phase of 

t h e work [ 5 ] were a l s o from a system w i t h a constant 

r a t e o f change of m a g n e t i s a t i o n . I t was concluded t h a t 

g r a i n s i z e and s t r e s s a f f e c t t h e power spe c t r a . The 

g r a i n s i z e dependence was, however, t o o l i m i t e d t o be 

of use i n g r a i n o r i e n t e d s i l i c o n i r o n as t h e v a r i a t i o n 

i n gf-ain s i z e i s s m a l l . 

B e r t o t t i et a l . [ 3 2 ] s t u d i e d t h e power s p e c t r a of 

Barkhausen n o i s e at d i f f e r e n t p o i n t s of t h e h y s t e r e s i s 

l o o p i n s i l i c o n i r o n . The system used a p p l i e d a 

co n s t a n t r a t e o f change of i n d u c t i o n and i t was shown 

t h a t t h e Barkhausen n o i s e d i d not g i v e s i m i l a r power 

s p e c t r a at d i f f e r e n t p o i n t s on t h e loop. The noise 

power, P, was shown t o be i n v e r s e l y p r o p o r t i o n a l t o t h e 

average m o b i l i t y of a domain w a l l d u r i n g a c l u s t e r of 

Barkhausen Jumps and d i r e c t l y p r o p o r t i o n a l t o the 

e f f e c t i v e f i e l d a p p l i e d t o t h e domain w a l l i n the 

m a t e r i a l . 

The i n f l u e n c e of s t r a i n on Barkhausen noise i n 

s i l i c o n i r o n has been observed by T i i t t o [333. The 

measurements made ar e i n t h e a m p l i t u d e domain, a 

magnetic parameter, M, b e i n g d e f i n e d as t h e median 

v o l t a g e of t h e d i s t r i b u t i o n . I t was found t h a t M 

i n c r e a s e d f o r b o t h p l a s t i c and e l a s t i c d e f o r m a t i o n when 

t h e sample was magnetised p a r a l l e l t o t h e s t r a i n 

d i r e c t i o n . 
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CHAPTER 3 - EOUIPMEMT AMD EXPERIMENTAL PARAMETERS 

3. 1 COIL GEOMETRY 

There have been two main c o i l geometries used t o 

i n v e s t i g a t e Barkhausen noise. One; a system of c o a x i a l 

c o i l s , one c o i l t o p r o v i d e a m a g n e t i s i n g f i e l d , t h e 

o t h e r t o d e t e c t t h e Barkhausen d i s c o n t i n u i t i e s . A 

system such as t h i s was used by Tebble et a l . [ 1 ] . The 

o t h e r geometry uses a m a g n e t i s i n g c o i l w i t h a pick-up 

c o i l whose a x i s i s p e r p e n d i c u l a r t o t h e ma g n e t i s i n g 

d i r e c t i o n . The second system, used by Rulka, [ 2 ] has 

been used f o r t h e work d e s c r i b e d here. The c o i l system 

used by Rulka was chosen as i t had been used as p a r t of 

a l a r g e p r o j e c t on Barkhausen n o i s e which was 

s u c c e s s f u l i n p r o d u c i n g a t r a n s d u c e r s u i t a b l e f o r use 

i n n o n - d e s t r u c t i v e t e s t i n g <NDT>. I n t h e process of 

NDT by t h e Barkhausen n o i s e method i t would, i n most 

i n s t a n c e s be i m p o s s i b l e t o surround t h e sample t o be 

t e s t e d by a c o i l . The c o i l system used by Tebble et 

a l . [ 1 ] would t h e r e f o r e be of l i m i t e d use i n the f i e l d . 

As i t was a n t i c i p a t e d t h a t t h e p r o j e c t here might l e a d 

t o t h e measurement o f magnetic parameters of s t e e l s i n 

s i t u , a proven c o i l d e s i g n was e s s e n t i a l . 
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3. 2 GENERAL LAYOUT OF APPARATUS 

The b l o c k diagram ( f i g u r e 3. 1) shows the l a y o u t of 

th e apparatus. The m a g n e t i s i n g c u r r e n t f o r the main 

c o i l was p r o v i d e d by a st a n d a r d feedback o s c i l l a t o r 

(Feedback F u n c t i o n Generator, FG601) w i t h v a r i a b l e 

f r e q u e n c y and waveform o u t p u t . The s i g n a l from t h e 

o s c i l l a t o r was a m p l i f i e d by a power a m p l i f i e r (Crown 

M600 t y p e ) s t a b l e over a wide range of i n p u t 

f r e q u e n c i e s and ou t p u t impedances. 

3. 3 SIGNAL AMPLIFICATION 

The Barkhausen n o i s e s i g n a l from a m a t e r i a l i s 

sm a l l , t y p i c a l l y between O-OlmV and lOmV [ 3 ] . I t was 

necessary t o a m p l i f y t h e s i g n a l t o be ab l e t o cap t u r e 

t h e n o i s e on a r e c o r d i n g i n s t r u m e n t . The minimum i n p u t 

range o f t h e t r a n s i e n t r e c o r d e r (Thorn EMI Waveform 

Ana l y z e r SE2550) chosen f o r t h e Barkhausen n o i s e work 

was ±0-IV. The range was d i v i d e d i n t o 522 d i s c r e t e 

l e v e l s . At t h e minimum s e t t i n g of 0-IV each l e v e l 

r e p r e s e n t e d a p p r o x i m a t e l y 2'10-*V. I t was decided 

t h e r e f o r e t h a t t h e Barkhausen s i g n a l should be 

a m p l i f i e d 1000 ti m e s so t h a t a s i g n a l of O-OlmV would 

be r e p r e s e n t e d by 50 of th e d i s c r e t e l e v e l s o f t h e 

t r a n s i e n t r e c o r d e r and t h e s m a l l Barkhausen Jumps would 

s t i l l be ade q u a t e l y represented. Two a m p l i f i e r s were 

c o n s i d e r e d f o r t h i s purpose, one an EG+G sta n d a r d low 
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n o i s e a m p l i f i e r , t h e o t h e r an a m p l i f i e r designed by 

C. D. H. W i l l i a m s i n t h e Physics department ( r e f e r r e d t o 

as CW a m p l i f i e r ) . The CW a m p l i f i e r , d r i v e n by 

b a t t e r i e s , was based on a ZN459CP low noise c i r c u i t . 

F i g u r e 3.2 shows t h e c i r c u i t diagram. The EG+G 

a m p l i f i e r was designed t o be an i n p u t stage t o a l o c k -

i n a m p l i f i e r , i t was d r i v e n by two F a r n e l l DC s u p p l i e s 

p r o v i d i n g t h e r e q u i r e d i n p u t v o l t a g e of ±15V. The 

a m p l i f i e r s were t e s t e d w i t h a r e s i s t a n c e box as t h e 

i n p u t load, t h e r e s i s t a n c e b e i n g set t o 16'3Q 

(a p p r o x i m a t e l y t h e r e s i s t a n c e of t h e pic k - u p c o i l ) . 

The s i g n a l from each a m p l i f i e r was recorded, and having 

f i r s t been f i l t e r e d by t h e t r a n s i e n t r e c o r d e r a n t i -

a l i a s f i l t e r , F o u r i e r analyzed. The c u t - o f f frequency 

o f t h e f i l t e r was a u t o m a t i c a l l y s e l e c t e d t o s u i t t h e 

sample r a t e . The graphs p l o t t e d show t h e F o u r i e r 

t r a n s f o r m , each p o i n t r e p r e s e n t i n g t h e mean of 50 

valu e s and t h e crosses r e p r e s e n t i n g t h e st a n d a r d e r r o r 

i n t h e mean of t h e 50 values. F i g u r e s 3. 3 and 3. 4 show 

t h e s p e c t r a f o r each of t h e a m p l i f i e r s . The m u l t i p l e s 

of 50Hz are c l e a r on both. I t can be seen t h a t t h e CW 

a m p l i f i e r c o n t r i b u t e s c o n s i d e r a b l y l e s s background 

n o i s e t h a n t h e EG+G a m p l i f i e r . The CW a m p l i f i e r was 

t e s t e d w i t h t h e p i c k - u p c o i l and a l a r g e peak near t he 

zero p o i n t of t h e graph was found ( f i g u r e 3.5). I t was 

i n v e s t i g a t e d and found t o be at 0-IHz, t h e frequency of 

t h e s i g n a l b e i n g used as t h e e x t e r n a l t r i g g e r t o t h e 

t r a n s i e n t r e c o r d e r . The peak was t h e r e f o r e a t t r i b u t e d 
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t o t h i s source and, as t h i s was t o be used as the 

t r i g g e r i n g mechanism f o r t h e e x p e r i m e n t a l work, t h e FFT 

was p l o t t e d i n more d e t a i l . F i g u r e s 3. 6a and 3. 6b show 

th e peak. F i g u r e 3.6a shows t h e f i r s t 10 p o i n t s of t h e 

FFT and f i g u r e 3. 6b t h e f i r s t 50. I t can be seen t h a t 

t h e r e i s no s i g n i f i c a n t c o n t r i b u t i o n t o t h e spectrum i n 

t h a t r e g i o n at any frequency o t h e r than 0-IHz. 

3. 4 ENVIRONMENTAL SHIELDING 

The p r e l i m i n a r y t e s t s on t h e equipment were 

c a r r i e d out w i t h t h e c o i l system u n s h i e l d e d from t h e 

environment. I t was apparent t h a t t h e r e was 

i n t e r f e r e n c e f r o m sources i n t h e l a b o r a t o r i e s . The 

main problems b e i n g 50Hz pick-up, as shown i n f i g u r e 

3.3, t h e s i g n a l from t h e l i g h t s b e ing s w i t c h e d and the 

r a d i o f r e q u e n c y g e n e r a t o r i n t h e room. 

I n o r d e r t o a l l e v i a t e t h e problem a s t e e l box was 

b u i l t , l a r g e enough t o accommodate t h e c o i l system and 

sample. The box was of dimensions 45x25x20cm and was 

made fr o m i4inch t h i c k s t e e l ; t h e choi c e of m a t e r i a l 

b e i n g made fr o m a c o n s i d e r a t i o n of t h e e l e c t r i c a l 

s h i e l d i n g p r o p e r t i e s of metals [43. There are two ways 

i n which e n v i r o n m e n t a l s h i e l d i n g i s p r o v i d e d by 

e n c l o s i n g equipment; a b s o r p t i o n and r e f l e c t i o n . I n the 

near f i e l d i . e . < X/2n metre from t h e source, t h e r e are 

two main t y p e s o f n o i s e source, e l e c t r i c f i e l d t y p e and 

magnetic f i e l d type. I n t h e f a r f i e l d , > X/2n metre 
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from t h e source, t h e waves are c o n s i d e r e d t o be plane. 

The n o i s e sources c o n s i d e r e d f o r t h e box design were 

ma i n l y of t h e e l e c t r i c f i e l d t y p e i . e . from a h i g h 

impedance source. The d i s t a n c e s of t h e n o i s e sources 

f r o m t h e c o i l system were not known p r e c i s e l y , but i t 

can be seen from f i g u r e 3.7 t h a t at a d i s t a n c e of 30 

metre a copper s h i e l d w i l l p r o v i d e c o n s i d e r a b l e 

r e f l e c t i o n s h i e l d i n g . The t y p e of metal used i n 

s h i e l d i n g has l i t t l e e f f e c t on t h e r e f l e c t i o n l o s s i n 

th e near f i e l d I . e . < X/2n: metre from t h e source. The 

cho i c e was t h e r e f o r e based on t h e a b s o r p t i o n p r o p e r t i e s 

of t h e m a t e r i a l . F i g u r e 3.8 shows t h e r e l a t i o n s h i p 

between t h e r a t i o of t h i c k n e s s of s h i e l d , t and s k i n 

depth, S w i t h a b s o r p t i o n l o s s i n t h e m a t e r i a l . The 

f o l l o w i n g v a l u e s were used f o r an approximate 

c a l c u l a t i o n of t h e a b s o r p t i o n of a 60Hz no i s e s i g n a l . 

SSTEEL = 0 034 i n 

5 COF>F>EF« = 0 335in 

The a b s o r p t i o n l o s s A, i s equal t o ; 

A = 20t logCe) / 6 or A = 8-69t / 5 

A t h i c k n e s s of Uinch g i v e s t h e f o l l o w i n g a b s o r p t i o n 

losses: 

Loss i n s t e e l = 63- 90dB 

Loss i n copper = 6- 485dB 
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The l o s s i n s t e e l i s t h e r e f o r e very much g r e a t e r 

t h a n t h a t i n copper so s t e e l was chosen f o r t h e box, 

the t h i c k n e s s o f s t e e l p r o v i d i n g a p p r o x i m a t e l y 64dB 

a t t e n u a t i o n f o r a n o i s e s i g n a l of frequency 60Hz. 

3. 5 DATA HANDLING 

As p a r t o f t h e a n a l y s i s of t h e Barkhausen noise 

was t o be i n t h e for m o f a F o u r i e r Transform, i t was 

necessary t o be a b l e t o use t h e U n i v e r s i t y mainframe 

computer (NUMAC) f o r c a l c u l a t i o n s . The n o i s e s i g n a l 

was t h e r e f o r e c a p t u r e d on t h e t r a n s i e n t r e c o r d e r and 

rec o r d e d t o CBM PET d i s c v i a t h e IEEE i n t e r f a c e of t h e 

t r a n s i e n t r e c o r d e r . The data were t r a n s f e r r e d t o a BBC 

microcomputer d i s c b e f o r e t h e f i n a l t r a n s f e r t o a 

magnetic tape at NUMAC. 

3. 6 COIL SYSTEM 

The dimensions o f t h e c o i l system were based on 

those o f Rulka C 21 . 

3. 6a M a g n e t i s i n g C o i l 

The m a g n e t i s i n g c o i l was wound i n two s e c t i o n s on 

T u f n o l formers. The dimensions of t h e system are shown 

on f i g u r e 3. 9. The two s e c t i o n design was t o a l l o w 

access t o t h e s m a l l p i c k - u p c o i l l o c a t e d at t h e c e n t r e 

of t h e c o l l , t h e two ha l v e s were h e l d t o g e t h e r by t h r e e 
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brass nuts. The c o i l s were wound w i t h 0•8mm diameter 

w i r e and v a r n i s h e d a f t e r each l a y e r was complete t o 

ensure t h e r e c o u l d be no c o n t a c t between windings. The 

p r o p e r t i e s of t h e c o i l s were as f o l l o w s : 

COIL 1 COIL 2 

TURNS 901 897 
RESISTANCE 5-5C1 5 5Q 
INDUCTANCE 20mH 19 85mH 

As t h e m a g n e t i s i n g c o i l was b u i l t i n two s e c t i o n s 

i t was necessary t o i n v e s t i g a t e t h e f i e l d on the a x i s 

of t h e c o i l s i n t h e r e g i o n where t h e s e c t i o n s j o i n e d . 

A method by Z i j l s t r a [ 5 ] was used t o c a l c u l a t e t h e 

f i e l d on t h e a x i s o f a c o i l (see f i g u r e 3. 10). 

Thickness o f wi n d i n g s = Pg- Pj 

a =Pi/p, P = z/pj 

T = c u r r e n t d e n s i t y 

_ T p p I n / g + /< + P̂  ) 
" = ~ 2 ^ l + / ( l + p 2 ) 

EQUATION 1 

The above r e l a t i o n s h i p s were used t o c a l c u l a t e t h e 

f i e l d on t h e a x i s , Ĥ . The value of z was v a r i e d 

between z e r o and Ppj 

The f i e l d , Hz at a d i s t a n c e Z j from t h e end of a 

c o i l l e n g t h z^ was found by t h e r e l a t i o n s h i p . 

Hz — H ^ ^ j ^ > 2̂=1 
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The s p a c e b e t w e e n t h e c o i l s i n t h e case o f t h e 

m a g n e t i s i n g c o i l s was 3mm; t h e f i e l d a t a d i s t a n c e o f 

1•5mm f r o m each c o i l was c a l c u l a t e d and t h e e f f e c t o f 

J o i n i n g t w o s i m i l a r c o i l s c o n s i d e r e d . I t was 

c a l c u l a t e d t h a t a 3mm space between two s i m i l a r c o i l s 

e a c h p r o v i d i n g a f i e l d w o u l d g i v e a p p r o x i m a t e l y a 5% 

r e d u c t i o n i n f i e l d a t t h e c e n t r e o f t h e space. 

The u n i f o r m i t y o f t h e m a g n e t i s i n g f i e l d a t t h e 

c e n t r e o f t h e c o i l s was measured w i t h a c o m m e r c i a l H a l l 

p r o b e and g a u s s m e t e r . The H a l l p r o b e was mounted on a 

t r a v e l l i n g m i c r o s c o p e s t a n d t o a l l o w a c c u r a t e movement 

i n t w o d i r e c t i o n s . The s t a n d was p o s i t i o n e d i n t h e 

c o i l s so t h a t t h e p r o b e c o u l d be used t o t a k e 

measurements o f f i e l d o v e r t h e c r o s s s e c t i o n o f t h e 

c o i l s . F i g u r e 3 . 1 1 ( a ) shows t h e r e g i o n o v e r w h i c h 

measurements were t a k e n on t h e a x i s o f t h e c o i l , A-B. 

F i g u r e 3 . 1 1 ( b ) shows t h e c r o s s s e c t i o n o f t h e c o i l . The 

maximum v a r i a t i o n f o u n d o v e r a c r o s s s e c t i o n was i n t h e 

o r d e r o f 2%, t h e v a r i a t i o n r e p r e s e n t i n g t h e d i f f e r e n c e 

b e t w e e n t h e edge o f t h e c o i l n e x t t o t h e w i n d i n g s and 

t h e c e n t r e o f t h e c o i l , i . e . t h e d i f f e r e n c e between 

p o s i t i o n s 2,3,4 o r 5 and p o s i t i o n 1 on f i g u r e 3. 1 1 ( b ) . 

I n t h e r e g i o n o c c u p i e d by t h e p i c k - u p c o i l on t h e a x i s 

o f t h e m a g n e t i s i n g c o i l i . e . between A and B on f i g u r e 

3 . 1 1 ( a ) , t h e f i e l d v a r i a t i o n was <1%. 

The m a g n e t i s i n g f i e l d p r o v i d e d by t h e c o i l s was 

c a l c u l a t e d by t h e method o f Z i j l s t r a . E q u a t i o n 1 was 

u s e d t o c a l c u l a t e t h e f i e l d on t h e a x i s o f t h e 
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m a g n e t i s i n g c o i l w i t h a c u r r e n t d e n s i t y p r o v i d e d by one 

ampere o f m a g n e t i s i n g c u r r e n t . The f i e l d c a l c u l a t e d 

was 4700±lOOAm-i. The c u r r e n t d e n s i t y i s d i r e c t l y 

p r o p o r t i o n a l t o t h e f i e l d so t h e v a l u e c a l c u l a t e d was 

used t o f i n d t h e f i e l d v a l u e a t o t h e r v a l u e s o f 

m a g n e t i s i n g c u r r e n t . 

3.6b P i c k - u p C o i l 

The p i c k - u p c o i l was wound on a f e r r i t e c o r e o f 

M u l l a r d t y p e 4B1, d i a m e t e r 1•5mm and l e n g t h 12mm. The 

c o i l was wound w i t h 0-1mm d i a m e t e r w i r e , each l a y e r 

b e i n g i n s u l a t e d w i t h v a r n i s h . The c o i l had 804 t u r n s , 

t h e l i m i t i n g f a c t o r on t h e number o f t u r n s b e i n g t h e 

p h y s i c a l s i z e o f t h e c o i l . The r e s i s t a n c e o f t h e c o i l 

was measured t o be 16'28Q and i t s i n d u c t a n c e f o u n d t o 

be 3mH. The c o i l was mounted on a T u f n o l h o l d e r so 

t h a t i t c o u l d be h e l d i n p o s i t i o n a t t h e c e n t r e o f t h e 

m a g n e t i s i n g c o i l . The h o l d e r a l s o p r o v i d e d s u p p o r t 

p o i n t s f o r t h e s t e e l s a m p l e s t o be p o s i t i o n e d above t h e 

p i c k - u p c o i l . 

3. 7 EXPERIMENTAL PARAMETERS 

3.7a C o n s t r u c t i o n a l S t e e l s 

The f r e q u e n c y o f t h e m a g n e t i s i n g w a v e f o r m has been 

shown t o be i m p o r t a n t i n t h e s t u d y o f B a r k h a u s e n n o i s e 

s p e c t r a . A f r e q u e n c y o f 0-lHz was chos e n as a s u i t a b l e 

f r e q u e n c y as i t has been o b s e r v e d t h a t i n t h e r a n g e o f 
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10-2 - lOHz i t i s p o s s i b l e t o d i f f e r e n t i a t e between t h e 

B a r k h a u s e n n o i s e s i g n a l and a w h i t e n o i s e s i g n a l C6]. 

The shape o f t h e m a g n e t i s i n g w a v e f o r m was chosen t o be 

a t r i a n g u l a r wave as t h i s w o u l d g i v e t h e most s t e a d y 

r a t e o f change o f m a g n e t i s i n g f i e l d . 

The v a r i a t i o n o f B a r k h a u s e n n o i s e a r o u n d t h e 

h y s t e r e s i s l o o p has been o b s e r v e d by many w o r k e r s [ 7 3 . 

I t has been o b s e r v e d , f o r example, t h a t f o r s m a l l 

B a r k h a u s e n Jumps, t h e m a j o r i t y o f Jumps o c c u r c l o s e t o 

t h e c o e r c i v e p o i n t . I n o r d e r t o make use o f t h e f u l l 

memory o f t h e t r a n s i e n t r e c o r d e r , i t was n e c e s s a r y t o 

l o c a t e t h e r e g i o n o f maximum B a r k h a u s e n a c t i v i t y on t h e 

h y s t e r e s i s l o o p . The f u l l l o o p was o b s e r v e d on t h e 

t r a n s i e n t r e c o r d e r ; i t was b r o k e n down i n t o s e c t i o n s 

u s i n g t h e e x t e r n a l t r i g g e r f a c i l i t y u n t i l t h e maximum 

n o i s e c o u l d be o b s e r v e d i n d e t a i l . The a r e a o f maximum 

n o i s e was s p l i t up i n t o t e n s e c t i o n s . I t was f o u n d 

t h a t f o r t h e c o n s t r u c t i o n a l s t e e l s a p e r i o d o f 1•638 

s e c o n d s d u r i n g t h e h a l f l o o p o f 5 seconds c o u l d be used 

t o c o v e r t h e f u l l B a r k h a u s e n n o i s e b u r s t . The n o i s e 

b u r s t was t h e r e f o r e d i v i d e d i n t o t e n s e c t i o n s each o f 

0-1638 seconds. A n a l y s i s c o u l d t h u s be c a r r i e d o u t on 

t h e f u l l n o i s e b u r s t o r on t h e i n d i v i d u a l s e c t i o n s . 

The s e c t i o n i n g was c a r r i e d o u t by u s i n g an e x t e r n a l 

t r i g g e r t o t h e t r a n s i e n t r e c o r d e r . R e c o r d i n g was 

s t a r t e d a number o f )J.S a f t e r t h e t r i g g e r s i g n a l was 

r e c e i v e d . By a d j u s t i n g t h e t i m e a f t e r t h e t r i g g e r by 

163800|is a f t e r each s e c t i o n , t h e c o n s e c u t i v e t i m e 
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p e r i o d s c o u l d be r e c o r d e d . F i g u r e 3.12 shows t h e 

p o s i t i o n o f t h e s e c t i o n s on t h e m a g n e t i s i n g waveform. 

A sample i n t e r v a l o f 5/jis was used i n o r d e r t h a t t h e 

0-1638 s e c o n d s o f n o i s e d a t a f i l l e d 32760 memory 

p o s i t i o n s o f t h e t r a n s i e n t r e c o r d e r . The o t h e r 8 

a v a i l a b l e memory l o c a t i o n s were used t o r e c o r d 

p r e - t r i g g e r i n f o r m a t i o n and were n o t used i n t h e d a t a 

a n a l y s i s . 

The n o i s e s i g n a l was f i l t e r e d by t h e l o w pass 

f i l t e r s o f t h e t r a n s i e n t r e c o r d e r , t h e c u t - o f f 

f r e q u e n c y b e i n g s e t a t 19-9kHz, The f r e q u e n c y o f c u t ­

o f f was s e l e c t e d t o be a p p r o x i m a t e l y 1/lOT, where T i s 

t h e s a m ple i n t e r v a l . The c u t - o f f s h o u l d be a t most 

1/2T, t h e N y q u i s t f r e q u e n c y C8] w h i c h i s t h e r e q u i r e d 

f r e q u e n c y f o r a l i a s i n g o f s i g n a l s t o be s u p p r e s s e d . 

The r e s u l t s g r a p h s were p l o t t e d t o a p o i n t a t w h i c h 

t h e r e w o u l d be < l d B a t t e n u a t i o n o f t h e s i g n a l due t o 

t h e c u t - o f f c h a r a c t e r i s t i c s o f t h e f i l t e r , a s t a n d a r d 6 

p o l e B e s s e l f i l t e r [ 9 1 . 

The s i z e o f t h e m a g n e t i s i n g f i e l d was s u f f i c i e n t 

t o m a g n e t i c a l l y s a t u r a t e t h e s t e e l , t h e d e m a g n e t i s i n g 

f a c t o r o f t h e s a m p l e s b e i n g t a k e n i n t o a c c o u n t C101. 

3. 7b S i l i c o n I r o n 

The p a r a m e t e r s f o r t h e s i l i c o n i r o n e x p e r i m e n t s 

were c h o s e n t o be s i m i l a r t o t h o s e i n t h e r e p o r t s o f 

t h e ECSC S p o n s o r e d R e s e a r c h [ 1 1 ] . The m a g n e t i s i n g 

f i e l d was ±800Am-i, t h e f r e q u e n c y o f t h e m a g n e t i s i n g 
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w a v e f o r m 0'14Hz. The sample i n t e r v a l and t h e f i l t e r 

c u t - o f f f r e q u e n c y were c h o s e n t o f u l l y use t h e memory 

a v a i l a b l e on t h e t r a n s i e n t r e c o r d e r . The v a l u e s used 

were 14jjis and 4- 18kHz. 

3. 8 SAMPLES 

3.8a C o n s t r u c t i o n a l S t e e l s 

The m a j o r i t y o f t h e samples chosen f o r t h e 

e x p e r i m e n t a l work were s e l e c t e d f r o m a s e t o f s t e e l 

b a r s c u t i n a s p i r a l p a t t e r n a r o u n d a p i e c e o f 12 i n c h 

gas p i p e . The m a g n e t i c p r o p e r t i e s o f t h e s e t o f 

s a m p l e s had been measured so any r e l a t i o n s h i p between 

t h e s e p r o p e r t i e s and t h e B a r k h a u s e n n o i s e c o u l d be 

f o u n d . F i g u r e 3.13 shows t h e v a r i a t i o n o f c o e r c i v e 

f i e l d w i t h c i r c u m f e r e n t i a l p o s i t i o n f o r t h e f u l l s e t o f 

s a m p l e s C12]. The s a m p l e s chosen t o work on were 

34,40,33,39,5,11,15,16,2, and 20. I n a d d i t i o n t o t h e s e 

s a m p l e s two s a m p l e s were c u t f r o m p i e c e s o f s t e e l 

l a b e l l e d DFD and DHP. The d i m e n s i o n s o f a l l t h e 

s a m p l e s were 250x20x5mm. 

The s a m p l e s were c h o s e n on t h e f o l l o w i n g b a s i s : 34 

and 40 were a d j a c e n t t o t h e samples s h o w i n g t h e most 

e x t r e m e v a l u e s o f m a g n e t i c p a r a m e t e r s ; 33 and 39 

d i s p l a y e d l a r g e d i f f e r e n c e s i n power s p e c t r a i n a 

s h o r t e n e d v e r s i o n o f t h e e x p e r i m e n t s ; 5 and 11 were o f 

s i m i l a r c o e r c i v e f i e l d t o 40; 15 and 16 were o f s i m i l a r 

c o e r c i v e f i e l d t o 34; 2 and 20 were c h o s e n as 
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r e p r e s e n t i n g o p p o s i t e s i d e s o f t h e p i p e ; DFD had a much 

l a r g e r c o e r c i v e f i e l d t h a n t h e 12 i n c h s e t o f samples; 

DHP had a s i m i l a r c o e r c i v e f i e l d t o t h e 12 i n c h s e t . 

The t h i c k n e s s o f t h e s t e e l i s i m p o r t a n t i n t h e 

a n a l y s i s o f B a r k h a u s e n n o i s e as damping o f t h e s i g n a l 

o c c u r s i n t h e m a t e r i a l [ 6 ] . I t was f o u n d t h a t t h e 

s i g n a l f r o m t h e 12 i n c h s e t o f s t e e l s was s u f f i c i e n t l y 

s t r o n g t o be d e t e c t e d by t h e e q u i p m e n t , t h e c h o i c e o f a 

t h i c k s a mple b e i n g o f f s e t by t h e c h o i c e o f m a g n e t i s i n g 

f r e q u e n c y . 

3.8b S i l i c o n I r o n 

The s i l i c o n i r o n s a m p l e s used were as s u p p l i e d by 

B r i t i s h S t e e l , Newport. Two s e t s o f sa m p l e s were 

f i n i s h e d g r a i n o r i e n t e d m a t e r i a l w h i c h i s used m o s t l y 

f o r t r a n s f o r m e r c o r e s and i s made s p e c i f i c a l l y t o have 

a l o w l o s s c h a r a c t e r i s t i c a t 50Hz. The samples were o f 

a s t a n d a r d E p s t e i n sample s i z e used t o t e s t t h e 

p r o p e r t i e s o f t h e s t e e l a t t h e Newport works. The 

d i m e n s i o n s were 300x30x0•25mm, 
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CHAPTER 4 - SILICON IRON 

4. 1 RESULTS 

The v o l t a g e p l o t s o f t h e s i l i c o n i r o n f i n i s h e d 

s a m p l e s were as e x p e c t e d f r o m t h e ECSC r e p o r t s CI, 21 

i n t h a t t h e y showed a peak o f a c t i v i t y e i t h e r s i d e o f 

z e r o a p p l i e d f i e l d ( f i g u r e 4 . 1 ) . The s i z e o f t h e peaks 

was s m a l l compared w i t h t h e peak o f a c t i v i t y o b s e r v e d 

f r o m t h e c o n s t r u c t i o n a l s t e e l s . 

The power s p e c t r a were p l o t t e d f o r t h e h a l f 

h y s t e r e s i s l o o p and f o r t h e i n d i v i d u a l s e c t i o n s i n t o 

w h i c h t h e l o o p was d i v i d e d f o r a n a l y s i s . F i g u r e s 4.2 

t o 4. 10 show t h e power s p e c t r a . I t can be seen f r o m 

t h e power s p e c t r a t h a t t h e l e v e l o f t h e s p e c t r a v a r i e s 

b e t w e e n 0-0001V2 and 0-00065V2 i n t h e f i r s t t h r e e 

s e c t i o n s o f t h e l o o p b u t t h e n i n c r e a s e s t o a maximum 

l e v e l o f 0-0085V2 i n t h e s e c t i o n where t h e f i r s t o f t h e 

peaks o f a c t i v i t y was d i s p l a y e d . T h e r e i s a d r o p a g a i n 

t o 0'0039V2 i n t h e s e c t i o n between t h e peaks and a r i s e 

t o 0-0029V2 a t t h e n e x t peak. The o r d e r o f t h e 

i n d i v i d u a l s p e c t r a i s n o t e x a c t l y t h e same as t h e o r d e r 

g i v e n by t h e ECSC b u t i t i s s i m i l a r i n t h a t s e c t i o n s A 

and H a r e v e r y much s m a l l e r t h a n a l l t h e o t h e r s and t h e 

o t h e r s v a r y upwards f r o m t h e r e ( f i g u r e 4. 11). The l o w 

f r e q u e n c y r o l l - o f f , a t t r i b u t e d t o t h e m e a s u r i n g s y s t e m 

i n t h e ECSC work, i s d e c e p t i v e as t h e g r a d i e n t s o f a l l 

t h e segments beyond t h e r o l l - o f f a r e d i f f e r e n t . The 
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g e n e r a l t r e n d i s ve r y s i m i l a r and t h e order of the 

d i f f e r e n c e between t h e h i g h e s t and lowest s p e c t r a i s 

s i m i l a r . The power spectrum f o r t h e h a l f h y s t e r e s i s 

l o o p o f t h e e i g h t s e c t i o n s t o g e t h e r i s as expected. I t 

shows a f a l l o f f i n t h e power from low frequency t o 

h i g h frequency. The amount of decrease f o r an i n t e r v a l 

c o r r e s p o n d i n g t o t h e ECSC r o l l - o f f p o i n t up t o 2000Hz 

i s i n t h e o r d e r of one or d e r of magnitude which i s 

s i m i l a r t o t h e ECSC drop i n power. The a c t u a l numbers 

on t h e power a x i s have l i t t l e meaning as t h e r e are many 

d i f f e r e n t FFT a l g o r i t h m s a l l of which w i l l g i v e 

d i f f e r e n t v a l u e s of power. 

4. 2 DISCUSSION 

The power s p e c t r a may s i m p l y be i n t e r p r e t e d as 

bei n g t h e r e s u l t of t h e a d d i t i o n of many s i m i l a r pulses 

of Barkhausen noise. I f a Barkhausen c l u s t e r c o u l d be 

re p r e s e n t e d by a s i n g l e box f u n c t i o n and t h e avalanches 

of c l u s t e r s expected i n t h i s t y p e of experiment as a 

s e r i e s o f these f u n c t i o n s ; i t would be expected t h a t 

t h e FFT would be something l i k e t h a t of a continuous 

square wave, t h e harmonics of t h e FFT d r o p p i n g i n 

h e i g h t a c c o r d i n g t o a r e l a t i o n s h i p w i t h t h e time p e r i o d 

of t h e square wave. I n p r a c t i c e t h e c l u s t e r s are not 

sep a r a t e d s u f f i c i e n t l y t o a l l o w t h e 'square wave' t o 

develop and t h e shape o f t h e c l u s t e r i s m o d i f i e d 

a c c o r d i n g t o t h e measuring system. The e f f e c t however 
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may be s i m i l a r and a r a p i d drop i n t h e noise power 

would be expected over a s m a l l frequency range. 

I t would be expected i n a m a t e r i a l such as a g r a i n 

o r i e n t e d s i l i c o n i r o n t h a t t h e c l u s t e r s would be of a 

s i m i l a r s i z e and d u r a t i o n from sample t o sample as t h e 

q u a l i t y c o n t r o l o f t h e p r o d u c t i o n system demands s t r i c t 

r u l e s f o r c e r t a i n m a t e r i a l parameters. The g r a i n s i z e 

s h o u l d be v e r y s i m i l a r f o r samples from t h e same 

p r o d u c t i o n process. T h i s would i m p l y a f a i r l y 

c o n s i s t e n t l e v e l f o r t h e Barkhausen noise, a l t h o u g h f o r 

v a r y i n g g r a i n s i z e s i t was found t h a t t h e r e was l i t t l e 

d i f f e r e n c e i n t h e power s p e c t r a <ECSC r e p o r t s ) and t h a t 

t h e r e s u l t s were not always as expected. For these 

reasons t h e r e seems l i t t l e p o i n t i n d e v e l o p i n g an NDT 

system based on power s p e c t r a . 

The r e s u l t s of t h e t e s t s c a r r i e d out on the 

E p s t e i n s t r i p s of s i l i c o n i r o n were i n g e n e r a l 

c o n s i s t e n t w i t h those o b t a i n e d by o t h e r workers, i n 

t h a t t h e r e was; 

a) a c o n s i d e r a b l e d i f f e r e n c e i n power spectrum 

at d i f f e r e n t p o i n t s on t h e h y s t e r e s i s loop, 

and b) t h e power s p e c t r a p l o t t e d d i s p l a y e d a s i m i l a r 

shape and r e d u c t i o n i n power over t h e 

frequency range considered. 
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4. 3 CONCLUSION 

The r e s u l t s show t h a t t h e Barkhausen nois e 
measuring system developed was indeed measuring t h e 
Barkhausen n o i s e f r o m t h e s i l i c o n i r o n and t h a t t h e 
measurements t o be c a r r i e d out on c o n s t r u c t i o n a l s t e e l s 
c o u l d be expected t o be a p p r o p r i a t e t o t h e noise from 
those m a t e r i a l s . 
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CHAPTER 5 - DATA HANDLIMQ - COMSTRUCTIOMAL STEELS 

5. 1 DATA HANDLING 

The equipment was used w i t h t h e parameters 

d e s c r i b e d i n Chapter 3. The data c o l l e c t e d were s t o r e d 

on a magnetic tape at NUMAC i n t h e form o f m a t r i c e s of 

dimensions <8,4095). Each data f i l e r e p r e s e n t e d one 

e x p e r i m e n t a l run; t e n such f i l e s formed t h e data f o r 

one s t e e l sample. The data were t r e a t e d i n two 

d i f f e r e n t ways; t h e f i r s t i n v o l v i n g t h e F o u r i e r 

t r a n s f o r m of t h e data, t h e second i n v o l v i n g t h e v o l t a g e 

p i c k - u p alone. 

5. l a Power Spe c t r a 

The F o u r i e r t r a n s f o r m of t h e data was performed by 

a FORTRAN program on NUMAC, t h e t r a n s f o r m a l g o r i t h m 

b e i n g p r o v i d e d by a s t a n d a r d NAG l i b r a r y r o u t i n e . The 

f u l l program i s shown i n appendix A. The v o l t a g e 

v a l u e s were squared b e f o r e t r a n s f o r m i n g . The t r a n s f o r m 

a l g o r i t h m used by t h e r o u t i n e , a Fast F o u r i e r Transform 

(FFT), f o r a s e r i e s of N o b s e r v a t i o n s of a r e a l value, 

X, was; 

1 N-1 - i 2 i r j k 
= - 1 x j exp (- ) 
/N 3=0 N 

k = 0. ... N-1 
j = 0. ... N-1 
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The r e s u l t of r u n n i n g t h e program was a s e r i e s of 

s p e c t r a l e s t i m a t e s at d i v i s i o n s of frequency r e l a t e d t o 

th e t o t a l t i m e of t h e o r i g i n a l t i m e s e r i e s ; 

f = 1 / T 

where, T i s t h e t o t a l t i m e of t h e o r i g i n a l s e r i e s 

f i s t h e frequency d i v i s i o n of t h e s p e c t r a l 

est imates. 

For t h e c o n s t r u c t i o n a l s t e e l samples t h i s gave a 

frequency d i v i s i o n of 6' l l H z . 

The s p e c t r a l e s t i m a t e s (£>̂̂  formed a H e r m i t i a n 

sequence, t h a t i s f o r a s e r i e s of N data p o i n t s ; 

The number of a p p r o p r i a t e s p e c t r a l e s t i m a t e s was 

t h e r e f o r e h a l f t h e number of o r i g i n a l data p o i n t s . For 

convenience i n p l o t t i n g , t h e s p e c t r a l e s t i m a t e s were 

grouped i n t o ' b i n s ' , each b i n c o n t a i n i n g 20 estimates. 

The mean o f t h e b i n was found and p l o t t e d a t t h e 

a p p r o p r i a t e frequency. The t o t a l FFT f o r each sample 

was found by add i n g t h e a p p r o p r i a t e b i n s f o r t h e 10 

s e t s o f data. I t was p o s s i b l e t o do t h i s as a l l t h e 

t i m e s e r i e s were of t h e same l e n g t h and t h e s p e c t r a l 

e s t i m a t e s t h e r e f o r e at t h e same d i v i s i o n s o f frequency. 

I t was not p o s s i b l e t o t r e a t t h e t e n s e t s of data as 

one c o n t i n u o u s t i m e s e r i e s as t h e data f i l e was t o o 

l a r g e f o r t h e NUMAC r o u t i n e t o handle and i n t h e 
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J o i n i n g t h e r e would be a d i s c o n t i n u i t y at each boundary 

c a u s i n g a component of t h e F o u r i e r s e r i e s t o be passed 

i n t h e a n a l y s i s which was not a p p r o p r i a t e t o the 

e x p e r i m e n t a l data. I n i t i a l l y , t h e st a n d a r d e r r o r i n 

the mean o f each b i n was found and used as an e s t i m a t e 

of t h e e x p e r i m e n t a l e r r o r i n v o l v e d ; t h i s was l a t e r not 

used, as i t seemed more a p p r o p r i a t e t o e s t i m a t e t h e 

s i z e of e x p e r i m e n t a l e r r o r s by c o n s i d e r i n g t h e 

r e p e a t a b i l i t y of t h e experiments and t h e e r r o r s 

i n v o l v e d i n t h e f i t t i n g of a s t r a i g h t l i n e t o the 

spect rum. 

Graphs of t h e power s p e c t r a were p l o t t e d u s i n g a 

FORTRAN program on NUMAC. The p l o t t i n g r o u t i n e i s made 

up by a s e r i e s o f c a l l s t o t h e GHOST g r a p h i c s l i b r a r y . 

An example program i s shown i n appendix A. The 

p l o t t i n g r o u t i n e i s f a i r l y f l e x i b l e and c o u l d be 

adapted f o r a l l t h e p l o t s r e q u i r e d . 

5 . l b V o l t a g e P l o t s 
I n o r d e r t o make p l o t s of t h e v o l t a g e p r o f i l e s of 

the Barkhausen n o i s e every 80 p o i n t s of t h e i n d i v i d u a l 

data f i l e s were averaged. T h i s s t e p was necessary as 

the f u l l d a t a set would have been t o o l a r g e t o be h e l d 

on NUMAG. The averaged s e t s of data were concatenated 

t o f o r m a s i n g l e d a t a f i l e which was p l o t t e d u s i n g a 

FORTRAN program on NUMAC. The average v o l t a g e was 

p l o t t e d as t h e o r d i n a t e and t h e a p p r o p r i a t e time as the 
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abscissae. I t s h o u l d be noted t h a t i t i s modulus 

v o l t a g e t h a t i s p l o t t e d . 

5. 2 GRAPHICAL PRESENTATION OF DATA 

5. 2a Appearance of Power Spectra 

The r e s u l t s o b t a i n e d from t h e F o u r i e r t r a n s f o r m of 

th e i n d i v i d u a l s e c t i o n s of t h e experiments on s t e e l 

sample 40 a r e shown i n f i g u r e s 5. 1 t o 5. 10. F i g u r e 

5. 11 shows t h e t o t a l FFT made up from t h e a d d i t i o n of 

t h e components of t h e i n d i v i d u a l s e c t i o n s . 

I t can be seen from t h e v o l t a g e p r o f i l e p l o t s , f o r 

example f i g u r e 5. 12, t h a t t h e sep a r a t e s e c t i o n s which 

are F o u r i e r t r a n s f o r m e d w i l l be of very d i f f e r e n t 

shapes. The e f f e c t of t h i s on t h e t o t a l FFT w i l l be t o 

i n t r o d u c e low frequency components and t h e i r harmonics. 

For example an upward t r e n d i n t h e p o s i t i v e v o l t a g e 

squared w i l l be i n t e r p r e t e d by t h e FFT program as p a r t 

of a t r i a n g u l a r waveform w i t h a p e r i o d equal t o the 

o b s e r v a t i o n window l e n g t h . Slower v a r i a t i o n s w i l l not 

be r e v e a l e d by t h e FFT as they w i l l not be continuous. 

I n a r e g i o n where t h e r e i s no s i g n i f i c a n t g r a d i e n t t o 

the p o s i t i v e v o l t a g e squared but t h e r e i s an o f f s e t 

f rom zero t h e r e w i l l be a low frequency component 

i n t r o d u c e d . I n t h e o r y i f t h e o f f s e t were p e r f e c t l y 

l e v e l t h e component i n t r o d u c e d would be a d e l t a 

f u n c t i o n at zero frequency w i t h h e i g h t p r o p o r t i o n a l t o 

th e o f f s e t . The peak, X, observed from some of the 
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samples and shown i n f i g u r e 5. 13 i s p o s i t i o n e d over 

more t h a n one d a t a window. The peak w i l l t h e r e f o r e 

i n t r o d u c e low f r e q u e n c y components t o the FFT but w i l l 

not s i g n i f i c a n t l y a f f e c t t h e p l o t t e d power s p e c t r a . 

The l e v e l of t h e s p e c t r u m can be s e e n t o i n c r e a s e 

from s e c t i o n 1 t o a peak v a l u e then d e c r e a s e to s e c t i o n 

10. T h i s would be e x p e c t e d a s t h e Barkhausen a c t i v i t y 

i n c r e a s e s and d e c r e a s e s a c r o s s t h e time i n t e r v a l . The 

s p e c t r a f o r a l l t h e 12 i n c h samples showed s i m i l a r 

behaviour. The l a c k of smoothness i n the p l o t s i s a 

c h a r a c t e r i s t i c of an FFT used without any d a t a 

m a n i p u l a t i o n and i t was not c o n s i d e r e d n e c e s s a r y to 

a l t e r t h e a n a l y s i s p r o c e d u r e a s the r e s u l t s were to be 

l e a s t s q u a r e s a n a l y z e d . 

5. 2b Appearance of V o l t a g e P l o t s 

An u n u s u a l f e a t u r e of the v o l t a g e p l o t s was the 

l a r g e peak b e f o r e t h e main Barkhausen a c t i v i t y peak 

shown on f i g u r e 5. 13 and l a b e l l e d X. The peak, X, 

o c c u r r e d on s e v e r a l but not a l l of the p l o t s . 

I t was f i r s t l y c o n s i d e r e d t h a t i t may be a 

f u n c t i o n of s u r f a c e c o n d i t i o n . Samples 15 and 5 were 

chosen t o a s s e s s t h e s u r f a c e e f f e c t . The s u r f a c e of 15 

was e t c h e d i n a 95% e t h a n o l , 5% n i t r i c a c i d s o l u t i o n 

u n t i l a p p r o x i m a t e l y 0-02mm of m a t e r i a l had been 

removed. The depth of s u r f a c e removal was d e c i d e d by 

c o n s i d e r i n g t h e damage to t h e s u r f a c e by g r i n d i n g C U . 

The experiment was r u n on t h e sample. The peak was 
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s t i l l c l e a r l y v i s i b l e . P l o t s of the h y s t e r e s i s loops 

of t h e s a m p l e s were checked f o r any apparent 

d i s c o n t i n u i t i e s but none were found. Sample 16, which 

had had i t s s u r f a c e e t c h e d i n a s i m i l a r manner, had i t s 

loop r e - a s s e s s e d on t h e B r i t i s h Gas On L i n e I n s p e c t i o n 

C e n t r e COLIC) permeameter and was found t o have no 

major d i f f e r e n c e s i n i t s loop shape t o the l a s t 

measurement. 

I t was c o n s i d e r e d t h a t t h e depth of removal of 

m a t e r i a l was not s u f f i c i e n t t o remove a l l damage done 

i n machining, t h e e x a c t n a t u r e of t h e c u t t i n g p r o c e s s 

not b e i n g known. I t was d e c i d e d t o remove s e v e r a l 

l a y e r s of m a t e r i a l by e t c h i n g from t h e s u r f a c e of 

sample 5 which had not shown a peak, X, t o i n v e s t i g a t e 

the p o s s i b i l i t y of a peak appearing. The l a y e r s were 

removed at t h e f o l l o w i n g i n t e r v a l s . 

Mean t h i c k n e s s 
a t centre(mm) 

Amount of 
removal(mm) 

o r i g i n a l 5-22 
e t c h 1 5- 19 0-03 
e t c h 2 5- 17 0-02 
e t c h 3 5- 15 0-02 
e t c h 4 5- 13 0-02 

The t h i c k n e s s was measured at f i v e p l a c e s at the 

c e n t r e of t h e sample near t o the e x p e c t e d p o s i t i o n of 

t h e p i c k - u p c o i l . 

F i g u r e s 5. 14 t o 5. 18 show t h e p l o t s of the above 

ex p e r i m e n t s . I t can be s e e n t h a t t h e r e i s a peak, X, 

on t h e p l o t s but i t i s not apparent a f t e r t h e f o u r t h 

e t c h . 
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I t was then c o n s i d e r e d t h a t t h e peak may be due t o 

some s p u r i o u s s i g n a l i n t h e r e c o r d i n g system. I t was 

found, moreover, t h a t t h e peak was o n l y apparent when 

t h e r e was a sample i n t h e c o i l system. The peak was 

not a f u n c t i o n of t h e m a g n e t i s i n g and r e c o r d i n g system 

alone. 

S t e e l sample 5 had i t s s u r f a c e reground t o produce 

a f i n i s h s i m i l a r t o i t s o r i g i n a l s u r f a c e f i n i s h . I t 

was p l a c e d i n t h e c o i l system and t h e s i g n a l i n t h e 

second of t h e t e n r e c o r d i n g s e c t i o n s , where X was 

apparent, was photographed from t h e t r a n s i e n t r e c o r d e r 

screen. Photograph 5A shows t h e s e c t i o n w i t h t he 

sample c e n t r a l i n t h e c o i l system. The sample was then 

d i s p l a c e d so t h a t more m a t e r i a l p r o t r u d e d f r o m one end 

of t h e m a g n e t i s i n g c o i l t han t h e other; a photograph of 

th e s i g n a l was taken. T h i s was repeated w i t h t h e 

sample d i s p l a c e d i n t h e o p p o s i t e d i r e c t i o n . 

Photographs 5B and 5C show t h e e f f e c t of d i s p l a c i n g t h e 

sample on t h e s i g n a l . A g r a d i e n t and o f f s e t from zero 

are apparent i n bo t h photographs 5B and 5C. 

To i n v e s t i g a t e t h i s behaviour more f u l l y , t h e 

waveform sampl i n g i n t e r v a l on t h e t r a n s i e n t r e c o r d e r 

was changed so t h e whole of peak, X, c o u l d be viewed on 

th e screen o f t h e r e c o r d e r . I t was t h e r e f o r e p o s s i b l e 

t o r e c o r d t h e s i g n a l from t h e sample by photographing 

t h e screen w i t h a p o l a r o i d camera. The s i g n a l from 

sample 5 was re c o r d e d i n t h i s way w i t h t h e sample i n a 

c e n t r a l p o s i t i o n i n t h e c o i l s , o f f s e t i n one d i r e c t i o n 
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PHOTOGRAPHS 5A, 5B, 
( t o p t o b o t t o m ) 

5C 

A p p r o x i m a t e A p p l i e d F i e l d S c a l e 
-1219Am-i a t l e f t t o -659Am-» a t r i g h t 



and o f f s e t i n t h e o t h e r d i r e c t i o n (photographs 5D, 5E, 

5F). The sample was r o t a t e d l e n g t h w i s e , and 

photographs t a k e n w i t h t h e sample c e n t r a l and d i s p l a c e d 

i n one d i r e c t i o n (photographs 5G, 5H). 

Sample 5 was r e p l a c e d i n t h e c o i l system by sample 

33 and t h e s i g n a l r e c orded f o r t h r e e p o s i t i o n s , c e n t r a l 

and o f f s e t i n o p p o s i t e d i r e c t i o n s (photographs 51, 5J, 

5K). 

I t was apparent from these photographs t h a t an 

o f f s e t of t h e sample produced peak X. The peak c o u l d 

be l i n k e d e i t h e r t o an o f f s e t r e g a r d l e s s of the 

m a t e r i a l o u t s i d e t h e m a g n e t i s i n g c o i l or t o an o f f s e t 

which caused more m a t e r i a l t o p r o t r u d e from one end of 

t h e c o i l t h a n t h e other. 

Samples number 6 and 8, a l r e a d y cut s h o r t e r than 

t h e o t h e r s , were used t o assess which e f f e c t was 

c a u s i n g peak X. Sample 8 was a p p r o x i m a t e l y the same 

l e n g t h as t h e m a g n e t i s i n g c o i l and was placed so t h a t 

i t was c e n t r a l i n t h e c o i l w i t h no m a t e r i a l p r o t r u d i n g 

f r o m t h e ends of t h e c o i l . The s i g n a l on t h e t r a n s i e n t 

r e c o r d e r screen was photographed (photograph 5L). The 

sample was th e n d i s p l a c e d so t h a t one end was o u t s i d e 

t h e c o i l and a photograph taken (photograph 5M). I t 

can be seen t h a t a s m a l l peak occurs; t h e s i z e i s s m a l l 

p r o b a b l y because t h e f o r c e on t h e sample when not 

c e n t r a l i n t h e c o i l i s so s t r o n g t h a t o n l y a s m a l l 

amount of m a t e r i a l , <lcm, c o u l d be l e f t o u t s i d e the 

c o i l w i t h o u t t h e sample moving d u r i n g t h e experiment. 
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PHOTOGRAPHS 5D, 5E, 
( t o p t o b o t t o m ) 

5F 
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PHOTOGRAPHS 50, 5H 
( t o p t o b o t t o m ) 

A p p r o x i m a t e A p p l i e d F i e l d S c a l e 
-939Am-i a t l e f t t o +181Am-» a t r i g h t 



PHOTOGRAPHS 51, 5 J , 
( t o p t o b o t t o m ) 

5K 

A p p r o x i m a t e A p p l i e d F i e l d S c a l e 
-939Am-> a t l e f t t o +181Am-> a t r i g h t 



PHOTOGRAPHS 5L, 5M 
( t o p t o b o t t o m ) 

A p p r o x i m a t e A p p l i e d F i e l d S c a l e 
-939Am-i a t l e f t t o +181Am-i a t r i g h t 



Sample 6 was cut so t h a t i t f i t t e d i n the c o i l 

w i t h s u f f i c i e n t room t o o f f s e t t h e sample w i t h no 

m a t e r i a l o u t s i d e t h e m a g n e t i s i n g c o i l . Two photographs 

were t a k e n of t h e s i g n a l from t h e sample; photograph 5N 

w i t h t h e sample as c e n t r a l as p o s s i b l e , and photograph 

5P w i t h as l a r g e an o f f s e t as p o s s i b l e keeping a l l t h e 

s t e e l i n s i d e t h e c o i l . I t can be seen t h a t no peak, X, 

occurs. 

The peak, X, may t h e r e f o r e be a t t r i b u t e d t o the 

f a c t t h a t t h e 12 i n c h s t e e l samples were longer than 

the m a g n e t i s i n g c o i l and t h a t an o f f s e t from a c e n t r a l 

p o s i t i o n caused more m a t e r i a l t o be o u t s i d e the c o i l at 

one end t h a n t h e other. 

The p o s s i b l e e x p l a n a t i o n f o r t h e appearance of 

peak, X, i s t h a t t h e peak always occurs at a time c l o s e 

t o t h e p o i n t at which t h e f l u x i n t h e sample i s zero. 

The d i f f e r e n c e i n f i e l d g r a d i e n t s at e i t h e r end of t h e 

sample caused by t h e o f f s e t may have more e f f e c t i n 

t h i s r e g i o n . The asymmetry of t h e f i e l d g r a d i e n t 

produces a v e r t i c a l component of m a g n e t i s a t i o n i n the 

sample at t h i s p o i n t which i s sensed by t h e pick-up 

c o i l . 

The peak, X, i s a f u n c t i o n of p o s i t i o n i n t h e 

m a g n e t i s i n g c o i l when t h e s t e e l sample i s l o n g e r than 

t h e c o i l . I t does not occur at a p o s i t i o n i n the 

e x p e r i m e n t a l c y c l e which a f f e c t s t h e main Barkhausen 

a c t i v i t y , so i t would be s e n s i b l e t o i g n o r e t h e peak on 

th e v o l t a g e p l o t s . 
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PHOTOGRAPHS 5N, 5P 
( t o p t o b o t t o m ) 

A p p r o x i m a t e A p p l i e d F i e l d S c a l e 
-939Am-> a t l e f t t o +181Am-i a t r i g h t 



5.3 ERROR HANDLING 

I t was found t h a t t h e s p e c t r a p l o t t e d i n t h e 

frequency domain from lOOOHz were q u i t e w e l l 

r e p r e s e n t e d by s t r a i g h t l i n e s . A l e a s t squares f i t was 

performed on t h e s p e c t r a , w i t h t h e i n t e n t i o n t o use the 

g r a d i e n t and i n t e r c e p t as a means t o compare the 

r e s u l t s f o r t h e d i f f e r e n t s t e e l samples. The f i t t i n g 

a l s o a l l o w e d f o r t h e r e p e a t a b i l i t y of t h e experiments 

t o be e s t i m a t e d . The way t h i s e s t i m a t e was made i s 

i l l u s t r a t e d by c o n s i d e r i n g t h e FFT of t h r e e s e t s of 

data t a k e n on t h e 12 i n c h sample number 15. The f i r s t 

set o f data was taken w i t h t h e s t e e l sample placed 

a l o n g t h e a x i s of t h e m a g n e t i s i n g c o i l , w i t h t h e 

p i c k - u p c o i l l o c a t e d at i t s c e n t r e . The second set of 

data was t a k e n w i t h t h e s t e e l i n a s i m i l a r p o s i t i o n but 

w i t h t h e o p p o s i t e f a c e next t o t h e pic k - u p c o i l . The 

t h i r d s et was taken w i t h t h e pic k - u p c o i l at a 

d i f f e r e n t p o s i t i o n on t h e s t e e l sample. The f o l l o w i n g 

v a l u e s were found f o r t h e i n t e r c e p t and g r a d i e n t of the 

l e a s t squares f i t t o t h e power s p e c t r a e s t i m a t e s from 

lOOOHz. 

INTERCEPT (V2) GRADIENT (Vs/Hz) 

1. 0-04135 
±0-00058 

-1-023 10-* 
±0-083 10-* 

2. 0-0386 
±0-00058 

-0-809 10-* 
±0-083 10-* 

3. 0-04526 
±0-00061 

-1-059 10-* 
±0-087 10-* 
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I t can be seen t h a t t h e l e a s t squares f i t i s good 

f o r t h e data and t h e e r r o r i n t r o d u c e d by p e r f o r m i n g 

t h i s a n a l y s i s i s s m a l l « 1% -> 2%. The d i f f e r e n c e 

between t h e l a r g e s t and s m a l l e s t values of i n t e r c e p t i s 

0-00665V2. The mean of t h e t h r e e values of i n t e r c e p t 

i s 0-04174V2. 

T h i s would suggest an e x p e r i m e n t a l e r r o r of 

a p p r o x i m a t e l y 8% i n t h e r e p e a t a b i l i t y of t h e 

experiment. The t o t a l e r r o r f o r each experiment c o u l d 

t h e r e f o r e be ta k e n as i n t h e order of 10%. 
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CHAPTER 6 - CQMSTRUCTIOMAL STEELS - RESULTS 

6. 1 RELATIONSHIP BETWEEN POWER SPECTRA AND 
MAGNETIC PROPERTIES 

Tests were c a r r i e d out t o determine whether the 

power s p e c t r a c o u l d be r e l a t e d t o t h e b u l k magnetic 

p r o p e r t i e s o f t h e m a t e r i a l f o r m i n g t h e 12 i n c h samples. 

I n f o r m a t i o n on t h e magnetic p r o p e r t i e s of the s t e e l was 

a v a i l a b l e f r o m t h e B r i t i s h Gas On L i n e I n s p e c t i o n 

Centre (OLIO, Cramlington, Northumberland. 

The data f o r t h e chosen 12 i n c h samples was 

t r e a t e d i n t h e manner i n d i c a t e d and a value f o r the 

i n t e r c e p t and g r a d i e n t o f t h e l e a s t squares f i t found. 

The most extreme v a l u e s of i n t e r c e p t and g r a d i e n t were 

found f o r samples 40 and 5; 40 g i v i n g t h e l a r g e s t 

values, 5 t h e s m a l l e s t . F i g u r e s 6. 1 and 6. 2 show t h e 

power s p e c t r a p l o t t e d f o r these two samples. The 

val u e s of i n t e r c e p t and g r a d i e n t decreased i n th e same 

orde r f r o m 40 t o 5. I t was decided t h e r e f o r e t h a t t h e 

i n t e r c e p t s h o u l d be compared w i t h t h e values o f 

c o e r c i v e f i e l d and remanence f o r t h e 12 i n c h samples, 

i n o r d e r t o l o o k f o r some simp l e r e l a t i o n s h i p . 

The v a l u e s o f He and B^ were used and t h e value of 

B^/Hc as an i n d i c a t i o n of t h e average g r a d i e n t i n t h e 

r e g i o n i n which t h e Barkhausen n o i s e was measured. The 

va l u e of B^/Hc t a k e s no account of a c t u a l d i f f e r e n c e s 

i n shape of t h e loops. 
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The f o l l o w i n g t a b l e shows t h e r e s u l t s , which are 

p l o t t e d i n f i g u r e s 6. 3, 6. 4 and 6. 5, i n order of 

d e c r e a s i n g i n t e r c e p t . TVic rnecisuirtnrxervti o f <**̂ ol. 6 r 

Sample 
number 

I n t e r c e p t 
±10% 
(V2 ) 

He 
±0-002 
(kAm-» ) 

B^ 
±0-01 
(T) 

B^/Ho 

(T/kAm-i ) 

40 0-050 0-342 0-94 2-75 
33 0-044 0- 410 0-84 2-05 
2 0-044 0-330 1 - 05 3- 18 

15 0-041 0-385 0-89 2-31 
39 0-040 0-365 0-93 2-55 
20 0-038 0-372 0-98 2-63 
34 0-036 0 - 385 0-91 2-36 
16 0-036 0-385 0-90 2-34 
11 0-034 0-345 0-93 2-70 
5 0-033 0-348 0-98 2-82 

I t would appear at f i r s t s i g h t t h a t t h e r e i s no 

si m p l e r e l a t i o n s h i p between t h e magnetic parameters and 

th e power s p e c t r a i n t e r c e p t . The graphs do however a l l 

show a l i n e a r t r e n d , a l b e i t w i t h c o n s i d e r a b l e s c a t t e r , 

except f o r t h e sample numbers 40 and 2. 

I f t h e p o i n t s f o r 40 and 2 are excluded t h e 

f o l l o w i n g e m p i r i c a l r e l a t i o n s h i p s may be proposed from 

a l e a s t squares f i t t o t h e data. 

The p l o t of i n t e r c e p t ( I ) a g a i n s t He shows a t r e n d 

of a l i n e 

I = -0-012 + 0-13Hc Equation 6.1 

The i n t e r c e p t a g a i n s t B̂ - shows a l i n e 

I = 0-088 - 0-055B^ Equation 6.2 

The i n t e r c e p t a g a i n s t g r a d i e n t ( G ) shows 

I = 0-066 - 0-OllG Equation 6.3 
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6. 2 FURTHER POWER SPECTRA WORK 

The r e s u l t s shown i n s e c t i o n 6. 1 suggested t h a t 

t h e r e c o u l d be a s i m p l e r e l a t i o n s h i p between t he 

magnetic p r o p e r t i e s of t h e 12 i n c h p i p e s t e e l and the 

Barkhausen power s p e c t r a . The e x c e p t i o n t o t h e 

r e l a t i o n s h i p s i n a l l t h r e e cases shown were samples 2 

and 40. 

As sample 40 had shown t h e l a r g e s t i n t e r c e p t i t 

was f i r s t l y c o n s i d e r e d t h a t sample 40 had g i v e n a 

s p u r i o u s i n d i c a t i o n e i t h e r due t o i n s t r u m e n t a l problems 

or due t o s u r f a c e damage i n th e c u t t i n g process. The 

i n s t r u m e n t a t i o n was however found t o produce r e s u l t s 

t h a t were r e l i a b l e and r e p e a t a b l e ; a v i s u a l check of 

th e s i g n a l on t h e t r a n s i e n t r e c o r d e r screen showed 

s i m i l a r s i g n a l s were o b t a i n e d i n repeated experiments. 

The 12 i n c h samples had a l l been machined i n a 

s i m i l a r manner. I f s u r f a c e damage were g i v i n g r i s e t o 

a s p u r i o u s Barkhausen s i g n a l , i t would be expected t h a t 

a c o n t r i b u t i o n would be made i n th e h i g h frequency p a r t 

of t h e power spectrum. More s m a l l Barkhausen Jumps 

would t a k e p l a c e near t h e s u r f a c e and t h e c o r r e l a t i o n 

domain would grow i n s m a l l e r stages, these stages would 

g i v e h i g h frequency components i n t h e F o u r i e r 

t r a n s f o r m . I t would be expected t h a t i f t h e h i g h 

frequency p o r t i o n of t h e power spectrum was enhanced i n 

t h i s way t h e low f r e q u e n c i e s would be di m i n i s h e d , 

g i v i n g a s m a l l e r i n t e r c e p t on the. power spectrum. 
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The p o s s i b l e e f f e c t of s u r f a c e damage was t a c k l e d 

by c h e m i c a l l y removing t h e s u r f a c e of sample 16 and 

m e c h a n i c a l l y removing t h e s u r f a c e o f sample 34. The 

s u r f a c e of sample 34 was ground down by I /1000 i n c h t o 

g i v e a f r e s h l y ground s u r f a c e . The s u r f a c e of 16 was 

etched i n 95% e t h a n o l and 5% n i t r i c a c i d f o r 6V6 minutes 

The sample was viewed under a microscope t o ensure t h a t 

t h i s was l o n g enough t o remove t h e g r i n d i n g l i n e s on 

t h e s u r f a c e . The t e c h n i q u e had been t e s t e d on some 

o t h e r p i e c e s of p i p e s t e e l . The experiment was run i n 

the u s u a l way f o r t h e two samples. Sample 16 was then 

c h e m i c a l l y etched a g a i n u n t i l a l a y e r a p p r o x i m a t e l y 

0-02mm had been removed. The depth of e t c h i n g was 

decided by c o n s i d e r i n g t h e damage done by g r i n d i n g [ 1 1 . 

The experiment was aga i n performed on sample 16. 

The r e s u l t o f f i t t i n g a s t r a i g h t l i n e t o t h e data 

f o r t h e ground sample 34 was; 

I n t e r c e p t = 0-030V2 

Comparing t h e i n t e r c e p t w i t h t h e p r e v i o u s , r e s u l t 

of 0-036V2 shows t h a t t h e two r e s u l t s l i e w i t h i n t h e 

10% e x p e r i m e n t a l l i m i t s . 

The v a l u e s o f i n t e r c e p t f o r t h e two etched 

e x p e r i m e n t a l runs o f sample 16 were; 

INTERCEPT <V2) 

s u r f a c e e t c h 
deep e t c h 

o r i g i n a l v a l u e 

0-037 
0-032 
0-036 

- 57 -



Again, these agree w i t h i n t h e 10% ex p e r i m e n t a l 

e r r o r l i m i t s s u g g e s t i n g t h a t t h e s u r f a c e s t a t e of t h e 

samples was not c o n t r i b u t i n g s i g n i f i c a n t l y t o t h e 

Barkhausen noise. 

As t h e exact n a t u r e of t h e c u t t i n g process was 

unknown i n t h e 12 i n c h samples, s e v e r a l l a y e r s of 

m a t e r i a l were removed from t h e s u r f a c e of sample number 

5. The l a y e r s t a k e n o f f by t h e e t h a n o l / n i t r i c a c i d 

s o l u t i o n were at t h e f o l l o w i n g i n t e r v a l s : 

Mean t h i c k n e s s 
at centre<mm) 

Amount of 
removal(mm) 

o r i g i n a l 5-22 
e t c h 1 5- 19 0-03 
e t c h 2 5- 17 0-02 
e t c h 3 5- 15 0-02 
e t c h 4 5- 13 0-02 

The t h i c k n e s s was measured at 5 places at the 

c e n t r e of t h e sample near t h e p o s i t i o n of t h e pick-up 

c o i l . 

The f o l l o w i n g r e s u l t s were found f o r t h e power 

s p e c t r a . F i g u r e 6.6 shows t h e o r i g i n a l power spectrum. 

INTERCEPT 
±10% 
<V2 ) 

o r i g i n a l 0-033 
e t c h 1 0-035 
e t c h 2 0-031 
e t c h 3 0-032 
et ch 4 0-038 

These r e s u l t s show t h a t t h e measurements made on 

th e as ground m a t e r i a l were r e p r e s e n t a t i v e of t h e bu l k 

of t h e m a t e r i a l w i t h i n t h e 10% l i m i t s . 
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I f t h e s u r f a c e damage had been g i v i n g an anomalous 

h i g h frequency p o r t i o n t o t h e power s p e c t r a , t he 

i n t e r c e p t s f o r t h e etched s u r f a c e s would have r i s e n . 

T h i s was not t h e case so s u r f a c e damage c o u l d not have 

caused t h e h i g h i n t e r c e p t of sample 40. 

Previ o u s work c a r r i e d out on t h e 12 i n c h pipe 

s t e e l [ 2 ] i n d i c a t e d t h a t t h e r e was a s i g n i f i c a n t 

d i f f e r e n c e i n p e a r l i t e f r a c t i o n between samples 41 and 

35. Samples 40 and 34 may be expected t o show s i m i l a r 

p e a r l i t e f r a c t i o n s as th e y are t h e adjacent samples. 

The f o l l o w i n g t a b l e summarises t h e i n f o r m a t i o n and the 

photographs 6A and 6B [33 show t y p i c a l micrographs of 

t h e samples 41 and 35. The <*ar»c regions <ane peex«~<J^. 

SAMPLE 
NUMBER 

41 
40 
35 
34 

% PEARLITE 

16-6 

27- 1 

INTERCEPT 
±10% 
<V2 ) 

0-050 

0-036 

I t c o u l d be suggested t h a t t h e d i f f e r e n c e i n 

p e a r l i t e c o n t e n t and hence 'the d i f f e r e n c e i n t h e domain 

w a l l p i n n i n g at t h e p e a r l i t e boundaries causes t h e 

anomalously h i g h i n t e r c e p t f o r sample 40. No mechanism 

has been found t o account f o r t h e v a r i a t i o n i n 

p e a r l i t e . 

The lower p e a r l i t e c o n t e n t may a l l o w t h e 

c o r r e l a t i o n domain t o grow i n l a r g e r stages, t h a t i s 

t a k i n g a l o n g t i m e t o develop t h e Barkhausen Jump 

c l u s t e r , t h e F o u r i e r t r a n s f o r m of these c l u s t e r s w i l l 
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be i n t h e low frequency p o r t i o n of t h e power spectrum 

g i v i n g r i s e t o a h i g h e r i n t e r c e p t f o r a lower p e a r l i t e 

c o n t e n t . 

6.3 CQERCIVITY RANGE 

The range of c o e r c i v i t i e s s t u d i e d was extended by 

i n t r o d u c i n g t h e two samples DHP and DFD; DHP as i t s 

c o e r c i v i t y was c l o s e t o t h a t of t h e samples a l r e a d y 

s t u d i e d and DFD as i t s c o e r c i v i t y was a p p r o x i m a t e l y 1-5 

t i m e s l a r g e r than those of t h e 12 i n c h samples. The 

DHP and DFD s t e e l s were cut and f i n i s h e d i n a s i m i l a r 

way t o t h e 12 i n c h samples. The experiment was run f o r 

DHP and DFD g i v i n g t h e f o l l o w i n g values f o r the 

i n t e r c e p t of t h e s t r a i g h t l i n e f i t : 

I n t e r c e p t C o e r c i v i t y 
<V2 ) <kAm-i) 

DHP 0-056 0 396 
DFD 0-056 0 538 

A l t h o u g h b o t h these values are h i g h e r than those 

of t h e 12 i n c h samples, t h e r e i s l i t t l e d i f f e r e n c e 

between t h e i n t e r c e p t v a l u e s f o r DHP and DFD. F i g u r e 

6. 7 shows t h e p o s i t i o n o f t h e r e s u l t s f o r these s t e e l s 

w i t h r e s p e c t t o t h e p r e v i o u s l y p r e d i c t e d s t r a i g h t l i n e . 

I t can be seen t h a t DFD i s c l o s e t o t h e s t r a i g h t l i n e 

and DHP i s not. The p e a r l i t e f r a c t i o n f o r DFD and DHP 

was known fr o m [43; DFD has 20-5% p e a r l i t e and DHP 

16-6%. T h i s shows t h a t t h e p e a r l i t e c o n t e n t of DHP i s 
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s i m i l a r t o t h a t o f 41 (and p r o b a b l y 40) and t h i s may be 

t^he reason why i t does not l i e a l o n g t h e same s t r a i g h t 

l i n e as t h e o t h e r 12 i n c h s t e e l samples. The p e a r l i t e 

c o n t e n t o f DFD i s not q u i t e as h i g h as t h a t of 35 (and 

p r o b a b l y 34) but t h e r e s u l t does appear t o agree w i t h 

t h e r e l a t i o n s h i p between He and power spectrum 

i n t e r c e p t . 

6. 4 PLASTIC DEFORMATION OF SAMPLE 

Sample 40 was p l a s t i c a l l y deformed at i t s c e n t r e 

u s i n g a f o u r p o i n t bending machine. The a p p l i e d l o a d 

was 3-12kN and t h i s corresponds t o a p o i n t j u s t beyond 

th e e l a s t i c l i m i t o f t h e sample. F i g u r e 6. 8 shows t h e 

bending p o i n t s and f i g u r e 6.9 t h e l o a d curve f o r t h e 

bending. The experiment was c a r r i e d out on both t h e 

s u r f a c e s o f t h e sample. The i n t e r c e p t of t h e s t r a i g h t 

l i n e f i t was found. The r e s u l t (A) i s f o r t h e s i d e t o 

which t h e l o a d was a p p l i e d and t h e r e s u l t (B) f o r t h e 

o p p o s i t e face; (C) i s t h e o r i g i n a l v a l u e b e f o r e 

d e f o r m a t i o n . F i g u r e 6.10 shows t h e power spectrum f o r 

s i d e B. 

INTERCEPT 
(V2 ) 

A 0-039 
B 0-027 
C 0-051 
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FIGURE 6. 8 
Diagram o f Bending P o i n t s f o r P l a s t i c D e f ormation of Sample 
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I t can be seen t h a t t h e i n t e r c e p t f o r both faces 

of t h e sample i s lower than t h e o r i g i n a l value. The 

v o l t a g e p l o t s f o r t h e p l a s t i c a l l y deformed sample were 

a l s o produced. I t was noted t h a t t h e p l o t s both 

d i s p l a y e d t h e peak, X, discussed i n paragraph 5. 2b. 

The peak had not been v i s i b l e on t h e o r i g i n a l p l o t . 

I t was c o n s i d e r e d t h a t t h e r e may be some 

r e l a t i o n s h i p between t h e amount of p l a s t i c deformation, 

b u l k magnetic p r o p e r t i e s and Barkhausen noise. The 

sample 40 c o u l d not have i t s p r o p e r t i e s adequately 

assessed a f t e r d e f o r m a t i o n , so a set of samples of 

s t e e l t y p e 2401 was used f o r f u r t h e r work on p l a s t i c 

d e f o r m a t i o n . Chapter 7 shows t h e r e s u l t s f o r these 

samples. 

6.5 STRESS RELIEF OF SAMPLE 

I t was a n t i c i p a t e d t h a t each of t h e 12 i n c h 

samples would have a c e r t a i n amount of r e s i d u a l s t r e s s 

i n them. I n ord e r t o i n v e s t i g a t e t h e e f f e c t of s t r e s s 

r e l i e f on t h e Barkhausen n o i s e power spectrum, one 

sample, number 11, was heat t r e a t e d i n steps of 100°C 

up t o 600°C. The te m p e r a t u r e was h e l d f o r one hour at 

each s t a g e and t h e sample c o o l e d i n th e furnace. The 

power spectrum i n t e r c e p t was p l o t t e d a g a i n s t 

temperature. The t a b l e shows t h e r e s u l t s : 
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Anneal I n t e r c e p t ±10% 
Temperat ure <V2 ) 

o r i g . 0' 034 
100°C 0-037 
200 °C 0-043 
300 °C 0-057 
400 "C 0-067 
500°C 0-067 
600'C 0-073 

F i g u r e 6. 11 shows t h e r e s u l t s p l o t t e d . T h i s 

i n t e r c e p t a g a i n s t t e m p e r a t u r e graph shows t h a t t h e r e i s 

a p o i n t around 400"C beyond which t h e i n t e r c e p t does 

not r i s e s i g n i f i c a n t l y f o r i n c r e a s e d s t r e s s r e l i e f . 

The power spectrum i n t e r c e p t g i v e s a good 

i n d i c a t i o n of t h e amount of s t r e s s i n t h e sample. 

6.6 VOLTAGE PLOT RESULTS 

The v o l t a g e p r o f i l e s f o r a l l t h e s t e e l samples 

were p l o t t e d ; an example i s shown i n f i g u r e 6. 12. 

Va r i o u s f e a t u r e s of t h e p l o t s were measured and 

compared w i t h t h e magnetic p r o p e r t i e s of t h e s t e e l s . 

The most prominent f e a t u r e on a l l t h e p l o t s was 

th e peak of Barkhausen a c t i v i t y . The h e i g h t o f t h e 

peak and t h e t i m e at which t h e peak o c c u r r e d were 

recorded. 

Some of t h e v o l t a g e p r o f i l e s showed a shape 

s i m i l a r t o t h a t encountered by B u t t l e et a l . , t h a t i s 

t h a t t h e r e a r e two d i s t i n c t peaks at e i t h e r s i d e of t h e 

main peak. 40, 34, and 33 showed these peaks. 

F i g u r e 6.12 shows t h e v o l t a g e p l o t f o r sample 40 i n 
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which t h e peaks may be seen. More of t h e p r o f i l e s 

showed j u s t t h e f i r s t peak, t h e second being 

i n d i s t i n g u i s h a b l e from t h e r e s t of t h e noise. 1 5 , 3 9 , 

and 1 1 showed j u s t one peak. The r a t i o of t h e f i r s t 

peak t o t h e main peak was found and t h e r e s u l t s put i n 

descending order. The ord e r was 4 0 , 1 1 , 1 5 , 3 9 , 3 4 , 

3 3 , . Again t h e r e was no apparent r e l a t i o n s h i p w i t h H e -

For t h e samples which showed b o t h s i d e peaks 

c l e a r l y , t h e r a t i o of t h e f i r s t t o t h e second peak was 

found and ordered. The r e s u l t i n g o r d e r was 3 3 , 3 4 , 4 0 . 

These do not show any p a r t i c u l a r o r d e r and t h e number 

of r e s u l t s i s t o o s m a l l t o form a r e l i a b l e o p i n i o n . 

The f o l l o w i n g t a b l e summarizes t h e r e s u l t s . 

PEAK TIME 
SAMPLE H o B ^ / H o HEIGHT OF PEAK 
NUMBER ± 0 - 0 0 2 ± 0 - 0 0 2 ± 0 - 0 0 5 

(kAm - i ) <T/kAm- i ) (V) (s) 

3 3 0 - 4 1 0 2 - 0 5 0 - 0 7 3 0 - 7 1 0 

1 5 0 - 3 8 5 2 - 3 1 0 - 0 5 8 0 - 8 0 0 

3 4 0 - 3 8 5 2 - 3 4 0 - 0 5 9 0 - 7 1 9 

1 6 0 - 3 8 5 2 - 3 6 0 - 0 6 6 0 - 8 0 0 

2 0 0 - 3 7 2 2 - 6 3 0 - 0 6 5 0 - 7 5 2 

3 9 0 - 3 6 5 2 - 5 5 0 - 0 6 0 0 - 7 6 8 

5 0 - 3 4 8 2 - 8 2 0 - 0 5 8 0 - 7 5 5 

1 1 0 - 3 4 5 2 - 7 0 0 - 0 5 8 0 - 7 5 5 

4 0 0 - 3 4 2 2 - 7 5 0 - 0 6 4 0 - 7 3 9 

2 0 - 3 3 0 3 - 1 8 • 0 - 0 5 9 0 - 7 4 0 

F i g u r e s 6 . 1 3 , 6 . 1 4 , 6 . 1 5 , 6 . 1 6 show t h e p l o t s of 

th e r e s u l t s . I t can be seen t h a t t h e r e i s no simple 

r e l a t i o n s h i p between t h e p l o t t e d v a r i a b l e s , a l t h o u g h 

f i g u r e s 6 . 1 5 and 6 . 1 6 do show g e n e r a l t r e n d s i f t he 

p o i n t s f o r 3 3 and 3 4 are excluded. The j u s t i f i c a t i o n 

f o r e x c l u d i n g these p o i n t s i s , however, weak. There 
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FIGURE 6. 13 
P l o t of Barkhausen Noise V o l t a g e Peak Height a g a i n s t 
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does not appear t o be any p a t t e r n w i t h respect t o the 

known m i c r o s t r u c t u r a l d i f f e r e n c e s between samples. 

F i g u r e s 6. 17 and 6. 18 show t h e Barkhausen noise 

v o l t a g e p l o t s f o r sample 40 b e f o r e and a f t e r p l a s t i c 

d e f o r m a t i o n . I t can be seen t h a t t h e main noise peak 

decreases i n a m p l i t u d e a f t e r defo'rmation. The decrease 

i n peak h e i g h t i s d i s c u s s e d i n Chapter 9. 

65 



E 

- I 
Q. <U 

—1 
u. 
o z (£ o O. 

»— 
UJ •< 

o x: < a: 1— o _ l UJ u. 
O UJ 
> o 
z < o 
UJ lO t — 

I/) 
o < U J r 2 cr a. a: r 1 < IN o m z 

U-

o 

03 

O 

CD 
O 

•O 

O 

<3 

O 

r\ 
o 

a* 
m •f 
a* o o m • 

m 
CM 

• 

CM 

in o o 

o 
d 

00 
o 
o 

o o o 
d 

o 
d 



E 

' I 

UJ 
- J 

2 U- O 
o .-. »— 
a. •< 

i : UJ tx 
o o 

-< U-
^— UJ 
_ j UJ o 
o _ ) 
> CL o 

3Z 2 -< h~ UJ i n 
i n < 

LU •< LJ Q. LU X 2 a: X 
I D q: t— ( J •< ( J I S i — 

L l _ 

t— 
I o 

m 

o» >o m •f 
o 
• 
m 
CM m 
CM 

-4-

m 
4' 

m p-> 
CM • 

o 

o in o o o o o o 
cd o o d d d 

o 
d 



CHAPTER 7 - PLASTIC DEFORMATION OF STEEL TYPE 2401 

7. 1 SAMPLES 

Miss . S . TKorofeoo oatno oifio faerforroecA "One plo&tric ciepyrryavioo 
ciocil c.o«rTC-ioity *^€Q&uf"Oii> Ka il 5 > . 

A set of s t e e l samples were cut from a piece of 

gas pipe, of s t e e l t y p e 2401. The shape of t h e samples 

i s shown i n f i g u r e 7.1 and t h e photographs 7A and 7B. 

The shape was chosen such t h a t t h e c e n t r e of the sample 

c o u l d be e a s i l y deformed by a p p l y i n g a t e n s i l e load t o 

th e samples. The shape a l s o had t o accommodate t h e 

c u t t i n g of d i s c s and t o r o i d s f o r work i n c o e r c i v i t y 

measurements. Photograph 7B shows t h e v a r y i n g degrees 

of d e f o r m a t i o n a p p l i e d t o t h e samples. The Barkhausen 

n o i s e experiments were c a r r i e d out on t h e samples 

b e f o r e machining t h e d i s c s and t o r o i d s f o r o t h e r 

measurements. 

7. 2 EXPERIMENTAL PARAMETERS 

The Barkhausen n o i s e s i g n a l from an unstressed 

sample was observed on t h e t r a n s i e n t r e c o r d e r screen. 

A l t h o u g h t h e samples were t h i c k e r t h a n t h e 12 i n c h 

samples, t h e r e was s u f f i c i e n t s i g n a l f o r measurements 

t o be tak e n w i t h t h e m a g n e t i s i n g c u r r e n t at t h e same 

l e v e l as f o r t h e 12 i n c h samples. The s i g n a l was 

s m a l l e r i n a m p l i t u d e t h a n t h e s i g n a l from t h e 12 i n c h 

s t e e l samples and was spread over a l a r g e r p o r t i o n of 

th e h y s t e r e s i s loop. The f o l l o w i n g e x p e r i m e n t a l 
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p a r a m e t e r s were c h o s e n f o r c l e a r r e c o r d i n g o f t h e 

s i g n a l : m a g n e t i s i n g f r e q u e n c y O-lHz; sample i n t e r v a l 

31fjis; f i l t e r f r e q u e n c y 14-5kHz. The n o i s e b u r s t was 

s p l i t i n t o 4 s e c t i o n s o f 1-01556 seconds and t h e f i r s t 

s e c t i o n o f r e c o r d i n g was s t a r t e d 5*5 seconds a f t e r t h e 

t r i g g e r s i g n a l was r e c e i v e d f r o m t h e w a v e f o r m 

g e n e r a t o r . 

7. 3 RESULTS 

The F o u r i e r t r a n s f o r m r o u t i n e was used t o f i n d t h e 

power s p e c t r u m o f t h e B a r k h a u s e n n o i s e . The power 

s p e c t r u m i n t e r c e p t was f o u n d by e x t r a p o l a t i o n o f a 

s t r a i g h t l i n e f i t t o t h e power s p e c t r u m between 400H2 

and 2OOOH2 t o OHz. The i n t e r c e p t was r e c o r d e d and 

p l o t t e d a g a i n s t % p l a s t i c d e f o r m a t i o n ( f i g u r e 7.2). The 

t a b l e b e l o w shows t h e r e s u l t s . 

INTERCEPT 
% DEFORMATION (V2 ) 

±10% 

0 0-0048 
2-4 0-0039 
6- 1 0-0034 
7-6 0-0033 
7-8 0-0032 

11-5 0-0016 
11-9 0-0011 
20-3 0-0014 
20-4 0-0012 

The v a l u e o f c o e r c i v e f i e l d was f o u n d by use o f a 

v i b r a t i n g s a m p l e magnetometer [ 1 3 . The samples had 

s m a l l d i s c s m a c h i n e d f r o m t h e m f o r t h i s p u r p o s e . The 
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f o l l o w i n g v a l u e s were g i v e n f o r He f o r t h e samples L22 

% DEFORMATION Hc<kAm-» > 
±3-5% 

0 0-331 
2- 4 0-382 
6- 1 0-438 
7-6 0- 444 
7-8 0-525 

11-5 0-468 
11-9 0-476 
20-3 0- 498 
20- 4 0-597 

The f o l l o w i n g t a b l e shows t h e v a l u e o f power 

s p e c t r u m i n t e r c e p t and He f o r each o f t h e samples and 

f i g u r e 7.3 shows t h e p l o t o f t h e s e r e s u l t s and f i g u r e 

7.4 t h e v a l u e o f He a g a i n s t p l a s t i c d e f o r m a t i o n . 

Hc<kAm-i ) INTERCEPT 
±3-5% ±10% 

0-331 0-0048 
0-382 0-0039 
0-438 0-0034 
0-444 0-0033 
0-525 0-0032 
0-468 0-0016 
0-476 0-0011 
0- 498 0-0014 
0-597 0-0012 

I t c a n be seen f r o m t h e g r a p h s p l o t t e d t h a t t h e 

power s p e c t r u m i n t e r c e p t d e c r e a s e s f o r i n c r e a s i n g 

p l a s t i c d e f o r m a t i o n up t o a p p r o x i m a t e l y 10% where t h e 

v a l u e o f power s p e c t r u m i n t e r c e p t d r o p s s h a r p l y t o a 

r e a s o n a b l y c o n s t a n t l e v e l . The i n t e r c e p t a l s o 

d e c r e a s e s f o r i n c r e a s i n g He, t h e o p p o s i t e e f f e c t t o 

t h a t d i s p l a y e d by, most o f t h e 12 i n c h samples. 
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T h e r e a r e two p o i n t s w h i c h do n o t appear t o be i n 

agreement w i t h t h e o t h e r p o i n t s on t h e He a g a i n s t 

P l a s t i c D e f o r m a t i o n g r a p h . These p o i n t s were checked 

c a r e f u l l y . The same two samples do n o t appear t o be 

anomalous on t h e Power S p e c t r u m I n t e r c e p t a g a i n s t 

P l a s t i c D e f o r m a t i o n p l o t . An e x p l a n a t i o n f o r t h i s may 

be t h a t t h e c o e r c i v i t y measurements were made on 

ma c h i n e d d i s c s and t h e m a c h i n i n g i n f l u e n c e d t h e r e s u l t s 

f o r t h a t sample. T h e r e i s a l s o a p o s s i b i l i t y t h a t t h e 

assessment o f t h e amount o f p l a s t i c d e f o r m a t i o n was n o t 

a c c u r a t e f o r t h e samples. 
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CHAPTER 8 - IMDUSTRIAL APPLICATIOM OF BARKHAUSEM MOISE 

8. 1 EQUIPMENT AND SAMPLES 

B a r k h a u s e n n o i s e a n a l y s i s has been d e v e l o p e d i n t o 

a c o m m e r c i a l l y a v a i l a b l e u n i t , R o l l s c a n 100, w h i c h i s 

m a r k e t e d by A m e r i c a n S t r e s s T e c h n o l o g i e s . The 

B a r k h a u s e n n o i s e i s a n a l y z e d i n t e r m s o f t h e median 

a m p l i t u d e o f t h e p u l s e h e i g h t d i s t r i b u t i o n o f t h e n o i s e 

b u r s t . A f i g u r e c a l l e d t h e ' m a g n e t i c p a r a m e t e r ' i s 

d i s p l a y e d on t h e i n s t r u m e n t and w i t h a p p r o p r i a t e 

c a l i b r a t i o n t h e number may be r e l a t e d t o r e s i d u a l 

s t r e s s o r m i c r o s t r u c t u r e d e p e n d i n g on t h e a p p l i c a t i o n . 

The R o l l s c a n e q u i p m e n t was used on s i t e a t E a t o n 

L i m i t e d ( A x l e D i v i s i o n ) , Newton A y c l i f f e . The p r o d u c t 

o f E a t o n i s heavy d u t y a x l e s and g e a r s e t s f o r t h e 

t r u c k m a r k e t . The components i n v e s t i g a t e d w i t h t h e 

R o l l s c a n e q u i p m e n t were t h e c r o w n w h e e l s o f t h e d r i v i n g 

a x l e ( f i g u r e 8 . 1 ) . These r i n g g e a r s v a r y i n s i z e 

b e t w e e n a p p r o x i m a t e l y 16 and 23 i n c h e s i n d i a m e t e r and 

t h e number o f t e e t h p e r g e a r v a r i e s a c c o r d i n g t o 

a p p l i c a t i o n and m e c h a n i c a l n o i s e c h a r a c t e r i s t i c s . The 

g e a r s a r e m a n u f a c t u r e d f r o m a case h a r d e n i n g c l a s s o f 

s t e e l , A I S I 8822. 

T h e r e a r e t w o methods o f c u t t i n g t h e t e e t h o f t h e 

g e a r i n t o t h e m a c h i n e d b l a n k , O e r l i k o n and Gleason, 

each named a f t e r t h e d e v e l o p i n g company. The O e r l i k o n 

method i s a s i n g l e c u t t i n g o p e r a t i o n i n w h i c h t h e 
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c u t t e r s p l u n g e i n t o t h e b l a n k r e m o v i n g t h e n e c e s s a r y 

s t o c k . The c u t t e r s a r e a r r a n g e d s u c h t h a t a l l t h e 

t e e t h a r e c u t a t t h e same t i m e . The G l e a s o n method 

c o n s i s t s o f two d i f f e r e n t o p e r a t i o n s ; a r o u g h i n g 

o p e r a t i o n i n w h i c h t h e t e e t h a r e c u t a l m o s t t o s i z e and 

a f i n i s h i n g o p e r a t i o n i n w h i c h t h e t e e t h have a s m a l l 

amount o f s t o c k removed on a s e p a r a t e machine. The 

t e e t h i n t h i s p r o c e s s a r e c u t i n d i v i d u a l l y , t h e b l a n k 

i n d e x i n g b e f o r e each c u t . 

The main p u r p o s e o f t h e i n v e s t i g a t i o n a t E a t o n was 

t o e s t a b l i s h w h e t h e r t h e R o l l s c a n e q u i p m e n t c o u l d be 

used t o a s s e s s t h e r e s i d u a l s t r e s s e s l e f t by t h e 

c u t t i n g p r o c e d u r e i n t h e g e a r t e e t h and w h e t h e r t h e two 

c u t t i n g methods showed d i f f e r e n t l e v e l s o f s t r e s s i n 

t h e t e e t h . A s e c o n d a r y c o n s i d e r a t i o n i n t h e work was 

t o e s t a b l i s h i f t h e s h o t c l e a n i n g of- c r o w n w h e e l s was 

even a c r o s s t h e s u r f a c e o f t h e wheel. 

A measurement p r o c e d u r e was e s t a b l i s h e d w h i c h 

i n v o l v e d t a k i n g t h r e e r e a d i n g s o f m a g n e t i c p a r a m e t e r on 

each t o o t h . The measurements were t a k e n a t 

a p p r o x i m a t e l y h a l f t o o t h h e i g h t , n e a r t h e ' p i t c h l i n e ' , 

a t t h e t o e , c e n t r e and h e e l o f t h e t o o t h ( f i g u r e 8 . 2 ) . 

The p r o b e u s e d was n o t a c u s t o m made p r o b e so 

p o s i t i o n i n g was a p p r o x i m a t e . The r e a d i n g s o b t a i n e d , 

however, were s t i l l r e p e a t a b l e t o a good d e g r e e o f 

a c c u r a c y . 

The p r o b e used s h o u l d be a c c u r a t e l y c a l i b r a t e d f o r 

each m a t e r i a l used, as t h e t i m e p e r i o d f o r use o f t h e 
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e q u i p m e n t was l i m i t e d i t was d e c i d e d t o use an 

a p p r o x i m a t e method o f c a l i b r a t i o n . Two p i e c e s o f 

c r o w n w h e e l m a t e r i a l were c u t t o be s t r e s s r e l i e v e d i n a 

m u f f l e f u r n a c e . The f i r s t was i n t h e p r e - h e a t t r e a t e d 

c o n d i t i o n , t h a t i s t h e s o f t , as r e c e i v e d m a t e r i a l , t h e 

se c o n d was i n t h e case c a r b u r l z e d c o n d i t i o n and was 

c o a t e d w i t h a compound w h i c h p r e v e n t s l o s s o f c a r b o n 

f r o m t h e s u r f a c e . The two were h e a t e d t o a s u i t a b l e 

t e m p e r a t u r e f o r s t r e s s r e l i e f u n d e r t h e g u i d a n c e o f t h e 

E a t o n m e t a l l u r g i s t . R o l l s c a n measurements were t h e n 

t a k e n on t h e s u r f a c e s o f t h e s e samples t o g i v e a v a l u e 

o f m a g n e t i c p a r a m e t e r f o r t h e s t r e s s f r e e c o n d i t i o n . 

The v a l u e o f m a g n e t i c p a r a m e t e r f o u n d i n t h e g e a r t e e t h 

c o u l d t h e n be a s s o c i a t e d w i t h e i t h e r a t e n s i l e o r 

c o m p r e s s i v e r e s i d u a l s t r e s s ; a v a l u e o f m a g n e t i c 

p a r a m e t e r h i g h e r t h a n t h e s t r e s s f r e e v a l u e I n d i c a t i n g 

a t e n s i l e s t r e s s and one l o w e r t h a n t h e s t r e s s f r e e 

v a l u e a c o m p r e s s i v e s t r e s s . 

A l l t h e measurements i n t h e work were t a k e n t o a 

n o m i n a l d e p t h o f 0-02mm as I n d i c a t e d on t h e R o l l s c a n 

e q u i p m e n t . T h e r e a r e two n o m i n a l d e p t h s o f 

measurement, 0-02mm and 0-2mm; t h e d i f f e r e n c e between 

t h e t w o i s t h a t t h e f r e q u e n c y r a n g e c o n s i d e r e d i n t h e 

e l e c t r o n i c s o f t h e s y s t e m i s g r e a t e r f o r t h e deeper 

measurement so t h a t damped s i g n a l s f r o m d e e p e r i n t h e 

m a t e r i a l may be assessed. The e x a c t d e p t h o f 

measurement depends on t h e m a t e r i a l u n d e r 

I n v e s t i g a t i o n . 
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8.2 RESULTS 

I t was f o u n d t h a t f o r b o t h c u t t i n g methods t h e r e 
was a c o n s i d e r a b l e d i f f e r e n c e between t h e v a l u e o f 
m a g n e t i c p a r a m e t e r on e i t h e r s i d e o f a t o o t h . The 
c o a s t ( c o n c a v e ) s i d e o f t h e t o o t h showed a much l o w e r 
v a l u e t h a n t h e d r i v e ( c o n v e x ) s i d e . T y p i c a l v a l u e s a r e 
shown below. 

OERLIKON GLEASON 

H e e l Cent r e Toe H e e l Cent r e Toe 

COAST 114 99 93 97 101 105 
DRIVE 183 178 169 166 161 152 

The f o l l o w i n g v a l u e s were f o u n d f o r t h e mean and 

s t a n d a r d d e v i a t i o n f o r t h e 39 t e e t h o f a Gl e a s o n c u t 

c r o w n w h e e l on t h e c o a s t s i d e o f t h e t o o t h . 

MEAN MP STANDARD DEVIATION 

HEEL 92 5 
CENTRE 98 4 
TOE 105 4 

S i m i l a r s p r e a d s o f v a l u e s were f o u n d f o r t h e 

O e r l i k o n c u t wheels. 

The s t r e s s r e l i e v e d p i e c e o f ' s o f t " s t e e l gave a 

mean m a g n e t i c p a r a m e t e r o f 116 so i t can be seen t h a t 

f o r b o t h c u t t i n g methods t h e l e v e l s o f r e s i d u a l s t r e s s 

a r e o f d i f f e r e n t t y p e s on e i t h e r s i d e o f t h e t o o t h . 

The c o a s t s i d e o f t h e t o o t h a p p a r e n t l y b e i n g i n 

c o m p r e s s i o n and t h e d r i v e s i d e i n t e n s i o n . I t can be 

seen, however, t h a t t h e l e v e l o f s t r e s s on t h e c o a s t 
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s i d e o f t h e t o o t h i s n o t c o n s i d e r a b l y d i f f e r e n t f o r t h e 

two c u t t i n g methods b u t t h e O e r l i k o n c u t shows a h i g h e r 

l e v e l on t h e d r i v e s i d e . I t was a l s o n o t e d t h a t t h e r e 

was a change i n m a g n e t i c p a r a m e t e r a l o n g t h e t o o t h on 

b o t h s i d e s , t h e change b e i n g i n t h e o p p o s i t e d i r e c t i o n 

on t h e c o a s t s i d e o f t h e t o o t h f o r t h e two c u t t i n g 

methods. The d i f f e r e n c e i s t h o u g h t t o o c c u r because 

t h e d i r e c t i o n o f c u t i s o p p o s i t e on t h e c o a s t s i d e f o r 

t h e t w o methods, a l t h o u g h f u r t h e r work w o u l d be 

r e q u i r e d t o e s t a b l i s h t h e r e l a t i o n s h i p more f u l l y . 

A number o f G l e a s o n c u t c r o w n w h e e l s were i n s p e c t e d 

w i t h t h e R o l l s c a n e q u i p m e n t I m m e d i a t e l y a f t e r h e a t 

t r e a t m e n t and b e f o r e t h e s h o t c l e a n o p e r a t i o n . The 

v a l u e o f m a g n e t i c p a r a m e t e r was f o u n d t o be v e r y l o w 

and even a r o u n d t h e wheels. The v a l u e o f m a g n e t i c 

p a r a m e t e r f o u n d f o r t h e s t r e s s r e l i e v e d p i e c e o f 

h a r d e n e d c r o w n w h e e l m a t e r i a l was o f f s c a l e ( h i g h e r t h a n 

199) u s i n g t h e v a l u e o f m a g n e t i s i n g c u r r e n t used i n t h e 

r e s t o f t h e work; an a p p r o x i m a t i o n was made by u s i n g 

h a l f t h e m a g n e t i s i n g c u r r e n t and t h e d o u b l i n g t h e 

m a g n e t i c p a r a m e t e r f o u n d , t h e I n s t r u m e n t m a n u f a c t u r e r 

h a v i n g recommended t h i s p r o c e d u r e . The mean v a l u e o f 

m a g n e t i c p a r a m e t e r f o u n d was 154, so t h e v a l u e o f 

m a g n e t i c p a r a m e t e r a p p r o x i m a t e d f o r t h e s t r e s s f r e e 

c o n d i t i o n was 308. The t a b l e shows t y p i c a l v a l u e s 

o b t a i n e d f r o m t h e t e e t h o f t h e h a r d e n e d c r o w n w h e e l s 

a f t e r h e a t t r e a t m e n t . 
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HEEL CENTRE TOE 

COAST 12 10 11 
DRIVE 32 28 30 

The same c r o w n w h e e l s were i n s p e c t e d a g a i n a f t e r 

t h e s h o t c l e a n o p e r a t i o n and t h e r e was f o u n d t o be a 

c o n s i d e r a b l e d i f f e r e n c e i n t h e R o l l s c a n r e a d i n g s . The 

d i f f e r e n c e was, however, o n l y f o u n d on t h e d r i v e s i d e 

o f t h e t o o t h where t h e v a l u e o f m a g n e t i c p a r a m e t e r had 

changed by a t l e a s t 3 0 % a f t e r s h o t c l e a n . The most 

s i g n i f i c a n t change was t h a t on c e r t a i n t e e t h t h e 

m a g n e t i c p a r a m e t e r was between 4 and 5 t i m e s t h e v a l u e 

b e f o r e s h o t c l e a n . Some t y p i c a l s e c t i o n s o f t h e 

r e s u l t s f o r t h e d r i v e s i d e a r e shown below. 

HEEL CENTRE TOE 

D r i v e 1 62 84 58 
D r i v e 2 76 127 94 
D r i v e 3 111 73 78 

The s h o t c l e a n o p e r a t i o n i s n o t p e r f o r m e d t o 

change t h e s t r e s s on t h e s u r f a c e o f t h e g e a r t e e t h , b u t 

s i m p l y t o remove any b u r n t o i l o r s c a l e t h a t may be 

l e f t a f t e r h e a t t r e a t m e n t . However, i t i s c l e a r t h a t 

t h e r e i s a s i g n i f i c a n t change i n t h e s t r e s s a f t e r s h o t 

c l e a n . As a c o m p a r i s o n w i t h t h e s e r e a d i n g s , t h e 

R o l l s c a n e q u i p m e n t was used on a g e a r w h i c h had been 

s h o t peened. Shot p e e n i n g i s a c o n t r o l l e d o p e r a t i o n 

where s h o t o f a p a r t i c u l a r h a r d n e s s i s f i r e d a t t h e 

r o o t o f a g e a r t o o t h i n a p a r t i c u l a r d i r e c t i o n a t a 

p a r t i c u l a r speed. The p u r p o s e o f t h e p r o c e s s i s t o 
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I n c r e a s e t h e c o m p r e s s i v e s t r e s s a t t h e r o o t o f t h e 

t o o t h w h i c h i m p r o v e s f a t i g u e l i f e and p r e v e n t s t h e 

d e v e l o p m e n t o f c r a c k s . The l e v e l o f t h e measurements 

i n t h e s h o t peened g e a r s was s i m i l a r t o t h a t o f c e r t a i n 

t e e t h i n t h e s h o t c l e a n e d g e a r s , t h e s h o t peened g e a r s 

gave v a l u e s o f m a g n e t i c p a r a m e t e r between 120 and 160 

a l o n g t h e t o o t h . 

I t i s u n c l e a r how a g e a r s u r f a c e w o u l d be a f f e c t e d 

by t h e v a r i a t i o n s c a u s e d by s h o t c l e a n i n g i n an 

I n c o n s i s t e n t manner. I t has been s u g g e s t e d t h a t t h e 

l o n g t e r m e f f e c t may be t o p r o d u c e uneven wear on t h e 

t e e t h o f a g e a r as i t r u n s i n s e r v i c e and t h a t t h e 

u l t i m a t e r e s u l t w o u l d be a n o i s y g e a r s e t . To 

e s t a b l i s h t h i s r e l a t i o n s h i p w o u l d o b v i o u s l y t a k e a 

number o f y e a r s o f s e r v i c e o r a s e v e r e l a b o r a t o r y t e s t . 
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CHAPTER 9 - DISCUSSION 

9. 1 POWER SPECTRA CONSTRUCTIONAL STEELS 

The power s p e c t r a p l o t t e d showed no u n u s u a l 

f e a t u r e s and use o f a m o d i f i e d F o u r i e r T r a n s f o r m 

r o u t i n e , e m p l o y i n g d a t a w i n d o w i n g , r e v e a l e d no f u r t h e r 

i n f o r m a t i o n a b o u t t h e s p e c t r a . The d a t a were a l l 

t r e a t e d i n t h e same manner. 

The p l o t s i n C h a p t e r 6 show no s i m p l e r e l a t i o n s h i p 

b e t w e e n t h e known m a g n e t i c p r o p e r t i e s o f t h e 12 i n c h 

p i p e s t e e l and t h e B a r k h a u s e n n o i s e s p e c t r a , a l t h o u g h 

some e m p i r i c a l r e l a t i o n s h i p s may be f o u n d by e x c l u d i n g 

c e r t a i n r e s u l t s . 

I t was hoped t h a t s t e e l s amples h a v i n g s i m i l a r He 

v a l u e s w o u l d d i s p l a y s i m i l a r B a r k h a u s e n n o i s e 

e x t r a p o l a t e d i n t e r c e p t v a l u e s , a l t h o u g h t h i s p a r a m e t e r 

has n o t p r e v i o u s l y been used t o c h a r a c t e r i s e s p e c t r a . 

Samples 15, 16 and 34 have t h e same He v a l u e and, 

w i t h i n t h e 10% e x p e r i m e n t a l e r r o r l i m i t s , t h e r e s u l t s 

f o r t h e s e s a m p l e s a r e a c c e p t a b l e . Samples 5, 11 and 40 

have s i m i l a r He v a l u e s , b u t sample 40 d i s p l a y s a v e r y 

much g r e a t e r v a l u e o f n o i s e power s p e c t r u m I n t e r c e p t . 

The p o s s i b i l i t y o f o b t a i n i n g a s p u r i o u s r e a d i n g 

o w i n g t o s u r f a c e damage was e x p l o r e d i n s e c t i o n 6.2 and 

t h e r e s u l t s show t h a t , a l t h o u g h t h e r e w i l l be some 

damage due t o s u r f a c e g r i n d i n g t h e samples, t h e r e i s no 

s i g n i f i c a n t c o n t r i b u t i o n t o t h e power s p e c t r u m . I t may 
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t h e r e f o r e be concluded t h a t t h e s p e c t r a represent 

phenomena t a k i n g p l a c e i n t h e i n t e r i o r of the sample 

and not p u r e l y s u r f a c e phenomena. The c o n t r i b u t i o n s t o 

t h e power spectrum must t h e r e f o r e be considered i n more 

d e t a i l . 

The h y s t e r e s i s loops f o r t h e 12 i n c h samples were 

examined and an approximate g r a d i e n t c a l c u l a t e d f o r 

each loop. I t was found t h a t t h e l o o p f o r sample 40 

had a s t e e p e r g r a d i e n t than t h e o t h e r samples, and t h a t 

of 34 a s h a l l o w e r g r a d i e n t . F i g u r e s 9. 1 and 9. 2 show 

th e p a r t l oops f o r these samples. 

I n t h e power spectrum e q u a t i o n shown i n Chapter 2; 

2p<l-vTo)2 
<D<ĉ ) = (p<6)) ( 1 + 

l+w2p2Xo2 <1-VT„)2 

th e v a l u e of x^, t h e t i m e between s i n g l e Barkhausen 

events, w i l l depend on t h e r a t e of change of 

m a g n e t i s a t i o n i n t h e sample. Celasco et a l . [ 1 ] showed 

t h a t at low m a g n e t i s i n g frequency t h e q u a n t i t y VT^ « 1 

<v i s t h e average number of s i n g l e Barkhausen 

e v e n t s / u n i t t i m e ) and t h a t f o r frequency a n a l y s i s 

between 1 Hz and 20 kHz; 

<I)(6>) = <p<Ci>) ( - ) 
l+02p2T:^ 2 

i s a v a l i d a p p r o x i m a t i o n t o t h e power spectrum. The 
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f a c t o r <p<cii)p may be c o n s i d e r e d t o be p r o p o r t i o n a l t o 

m a g n e t i s i n g frequency [ 1 ] and constant f o r a l l t he 

experiments. 

I t may be seen t h a t (.px^^^ i s t h e imp o r t a n t 

parameter i n t h e eq u a t i o n , p i s t h e number of s i n g l e 

events i n a c l u s t e r and t h e t i m e between s i n g l e 

events. The g r a d i e n t of t h e h y s t e r e s i s loop w i l l 

a f f e c t t h e v a l u e of and i t would be expected t h a t 

would be s m a l l e r f o r a steeper g r a d i e n t . I f the 

g r a d i e n t of t h e h y s t e r e s i s l o o p were the o n l y 

i n f l u e n c i n g parameter on t h e presented s p e c t r a , 40 

would be expected t o have t h e l a r g e s t i n t e r c e p t and 34 

t h e s m a l l e s t . T h i s i s not t h e case, which i m p l i e s t h a t 

p, t h e number of s i n g l e events i n a c l u s t e r , must 

change from sample t o sample also. 

The v a l u e of p w i l l depend on t h e growth of the 

c o r r e l a t i o n domain discu s s e d i n s e c t i o n 2.6. The 

c o r r e l a t i o n domain growth w i l l depend upon t h e g r a i n 

s i z e o f t h e m a t e r i a l and t h e s t r e n g t h of p i n n i n g of 

domain w a l l s at v a r i o u s s i t e s i n t h e m a t e r i a l . 

Samples 35 and 41 have been examined f o r t h e i r 

g r a i n s i z e and m i c r o s t r u c t u r e C2] and i t may be assumed 

t h a t t h e samples 34 and 40 should d i s p l a y s i m i l a r 

m i c r o s t r u c t u r e t o those samples r e s p e c t i v e l y . The mean 

g r a i n s i z e o f 35 was 11 • 0;jim f o r p e a r l i t e and 13-Op.m f o r 

f e r r i t e , t h a t of 41 was 9 • Spim f o r p e a r l i t e and 15-3pim 

f o r f e r r i t e . There was a s i g n i f i c a n t d i f f e r e n c e i n the 

p e a r l i t e c o n t e n t i n t h e two samples; 35 h a v i n g 27•1% 
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p e a r l i t e and 41 h a v i n g 16-6% p e a r l i t e . I t was a l s o 

noted t h a t t h e r e was a s i g n i f i c a n t d i f f e r e n c e i n the 

d i s t r i b u t i o n of t h e p e a r l i t e , i n t h a t 41 showed a 

banded s t r u c t u r e and 35 a more evenly d i s t r i b u t e d 

s t r u c t u r e . The photographs 6A and 6B (Chapter 6) show 

t y p i c a l micrographs f o r samples 35 and 41. 

The g r a i n s i z e s do not show a s i g n i f i c a n t 

d i f f e r e n c e between t h e samples, so i t was considered 

t h a t t h e v a r i a t i o n i n p e a r l i t e c ontent c o u l d be the 

f a c t o r which a f f e c t s t h e power spectrum by v a r y i n g t he 

v a l u e of p. I t i s known t h a t p e a r l i t e p i n s domain 

boundaries s t r o n g l y , a h i g h e r p e a r l i t e c ontent would 

t h e r e f o r e be expected t o cause t h e c o r r e l a t i o n domain 

t o grow i n s m a l l connected stages. Each s e c t i o n of 

growth, a Barkhausen Jump c l u s t e r , w i l l be made up of 

many s m a l l Barkhausen jumps. A lower p e a r l i t e content 

would be expected t o g i v e fewer Barkhausen jumps i n 

each stage of growth i n t h e c o r r e l a t i o n domain and 

hence a lower v a l u e of p. I n t h e power spectrum 

e q u a t i o n i t would be a n t i c i p a t e d t h a t t h e lower the 

v a l u e of p t h e h i g h e r t h e v a l u e o f power spectrum 

i n t e r c e p t . The behaviour of sample 40 c o u l d be p a r t l y 

e x p l a i n e d i n t h i s way. 

The r e s u l t s p r e s e n t e d show, however, t h a t f o r the 

set of 12 i n c h samples t h e power spectrum i n t e r c e p t may 

be expressed i n an e m p i r i c a l way w i t h t h e p r o p e r t i e s 

He, B^ and B^/Hc. The p o i n t s f o r samples 40 and 2 do 

not f o l l o w these r e l a t i o n s h i p s . 
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9. 2 PLASTIC DEFORMATION OF SAMPLE 40 

The p l a s t i c d e f o r m a t i o n of sample 40 gave a 

s m a l l e r e x t r a p o l a t e d i n t e r c e p t on t h e power spectrum 

p l o t t h a n t h e o r i g i n a l sample ( f i g u r e s 9.5, 9.6). The 

p l a s t i c d e f o r m a t i o n o f t h e sample w i l l i n c r e a s e t h e 

d i s l o c a t i o n d e n s i t y and i n t r o d u c e a new r e s i d u a l s t r e s s 

p a t t e r n . I n g e n e r a l , i t would be cons i d e r e d t h a t t h e r e 

would be a s i g n i f i c a n t number of i n d i v i d u a l Barkhausen 

jumps due t o t h e i n c r e a s e d number of p i n n i n g s i t e s . I t 

has been shown [ 5 ] t h a t i n s i l i c o n i r o n under p l a s t i c 

s t r a i n t h e median v a l u e of c l u s t e r s of Barkhausen noise 

i n t h e a m p l i t u d e domain i n c r e a s e s w i t h p l a s t i c s t r a i n , 

a t s m a l l s t r a i n values, when t h e sample i s magnetised 

p a r a l l e l t o t h e s t r a i n d i r e c t i o n . T h i s means t h a t t h e 

c l u s t e r s o f i n d i v i d u a l Barkhausen jumps tend t o be 

l a r g e r i n a m p l i t u d e f o r p l a s t i c s t r a i n . T h i s would 

seem s e n s i b l e as, on average, more domain w a l l s w i l l be 

moving at a g i v e n t i m e as a r e s u l t of t h e i n c r e a s e i n 

th e number o f p i n n i n g s i t e s . The movements may be 

co n s i d e r e d as p u l s e s b e i n g added t o g e t h e r and t h e 

r e s u l t a n t o f adding t o g e t h e r more jumps w i l l g i v e a 

l a r g e r a m p litude. The i n c r e a s e i n t h e median value of 

th e Barkhausen jump c l u s t e r s f o r p l a s t i c s t r a i n i m p l i e s 

t h a t t h e r e w i l l be more s i n g l e events packed i n t o each 

c l u s t e r . I n t h e e q u a t i o n f o r t h e power spectrum; 

- 81 -



in 
o-

% 

a; ;= 
*" O X 

^ B 

en — 
UJ > 

O 
O 
O 
CM 

rsi 

>-

lU 

a 
LU 

S ^ 
o o 

o o o oo 

o o o 

o 
o 
o 
<1-

o o 
o 

o OO SD (M o CO NO (M o o 
LP -J- •4- ro 
O o O O O o o o o o o 
O o O O o o o o o o o 



o o o 
(M >-(_) 

UJ 
C3 LLI 

§ £ o o 

o o o oo 

o o o 

o o o 
•4-

o o o 
CM 

UJ > 
o > 
Q. 

OO CM O CM O O 
CM CM O 

l _ 

o 
CM O 

O 



<&<6i) = Cp<6i) ( 1 + 
2 p < l - V X o ) 2 

l + 6 ) 2 p 2 X o 2 < l - V X o ) 2 

t h e v a l u e of p, t h e average number of s i n g l e Barkhausen 

events i n a c l u s t e r w i l l be increased. 

I n t h e m a t e r i a l t h e v a l u e of x^ w i l l depend on the 

r a t e of change of m a g n e t i s a t i o n . P l a s t i c d e f o r m a t i o n 

of a s m a l l amount tends t o shear t h e h y s t e r e s i s loop 

[63, g i v i n g a s m a l l e r change of m a g n e t i s a t i o n i n t h e 

sample f o r a c e r t a i n change i n a p p l i e d f i e l d . The 

v a l u e o f Xq w i l l t h e r e f o r e be i n c r e a s e d i n t h e 

p l a s t i c a l l y deformed m a t e r i a l . 

I t i s t h e r e f o r e p o s s i b l e t o i m p l y t h a t px^, the 

d u r a t i o n of a c l u s t e r , w i l l be i n c r e a s e d f o r p l a s t i c 

def ormat i o n . 

I n t h e reduced e q u a t i o n f o r t h e power spectrum 

2p 
<I><0>) = Cp<6>) ( 

l+a>2 pz 

as t h e m a g n e t i s i n g frequency i s constant over the 

experiments, t h e v a l u e of -CpcpCoi)} w i l l be s i m i l a r f o r 

a l l cases. I t can t h e r e f o r e be seen t h a t t h e value of 

<I><ii>) w i l l be s m a l l e r f o r t h e p l a s t i c a l l y deformed 

sample where Cpx^) i s l a r g e r . 

The e x t r a p o l a t e d i n t e r c e p t of t h e Barkhausen n o i s e 

power spectrum f o r sample 40 drops by a p p r o x i m a t e l y 



h a l f i n t h e p l a s t i c a l l y deformed cases s u g g e s t i n g t h a t 

t h e v a l u e of ( 9 x^)2 i s t w i c e i t s o r i g i n a l value, i . e . 

pXp i s /2 o f i t s o r i g i n a l value. 

Lieneweg C7] suggests t h a t t h e value of the noise 

power at zero frequency i s p r o p o r t i o n a l t o t h e mean 

volume of m a t e r i a l e x p e r i e n c i n g f l u x r e v e r s a l 

a s s o c i a t e d w i t h a Barkhausen Jump. T h i s would suggest 

t h a t t h e e f f e c t o f t h e p l a s t i c s t r a i n i n t r o d u c e d t o 

sample 40 has a p p r o x i m a t e l y h a l v e d t h e mean volume of 

m a t e r i a l changing i n a Barkhausen jump. 

9. 3 BARKHAUSEN NOISE VOLTAGE PROFILE PLOTS 
OF CONSTRUCTIONAL STEELS 

I t i s apparent f r o m t h e v o l t a g e p r o f i l e s p l o t t e d 

t h a t t h e peak h e i g h t s observed and t h e p o s i t i o n on t h e 

h y s t e r e s i s l o o p of t h e peaks are not s i m p l y r e l a t e d t o 

t h e b u l k magnetic p r o p e r t i e s of t h e s t e e l samples. 

There i s evidence f o r an i n v e r s e r e l a t i o n s h i p 

between t h e p r i n c i p a l peak h e i g h t and t h e time from t he 

s t a r t o f t h e experiment at which t h e peak occurs. The 

product of these two q u a n t i t i e s i s shown below. 

SAMPLE PEAK HT. Vr PEAK TIME 
NUMBER <Vs) 

33 0-052 
15 0-046 
34 0-042 
16 0-053 
39 0-046 
5 0-044 

11 0-044 
40 0-047 
2 0-044 

20 0-049 
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The e s t i m a t e d e r r o r i n t h e peak h e i g h t i s ±0-002V 

and t h a t i n t h e t i m e of t h e peak i s ±0-005s. The e r r o r 

i n t h e product values i s t h e r e f o r e i n t h e order of 

±0-003Vs, so t h e product i s a p p r o x i m a t e l y constant w i t h 

t h e e x c e p t i o n o f 16 and 33. The r e l a t i o n s h i p shows 

t h a t t h e l o n g e r t h e peak takes t o develop t h e s m a l l e r 

th e peak h e i g h t achieved. 

Three i n t e r e s t i n g p o i n t s were r a i s e d by the 

v o l t a g e p l o t s g e n e r a l l y , t h e y are; t h e anomalous peak, 

X, t h e e f f e c t o f p l a s t i c d e f o r m a t i o n i n sample 40 and 

th e e f f e c t of s u r f a c e removal. 

A l l t h e v o l t a g e p l o t s f o r these samples were made 

by t h e same a v e r a g i n g process so they can be compared 

d i r e c t l y . T a k i n g t h e modulus of, and a v e r a g i n g t h e 

v o l t a g e data w i l l have enhanced r e g i o n s o f t h e p l o t 

where t h e n o i s e s i g n a l was not v a r y i n g c o n s i d e r a b l y , 

such as t h e r e g i o n s at t h e extreme times of t h e p l o t s . 

The r e g i o n s at t h e extreme times show l i t t l e Barkhausen 

n o i s e but m o s t l y e x p e r i m e n t a l n o i s e i n t h e form of 

p i c k - u p f r o m t h e m a g n e t i s i n g f i e l d and 50Hz. 

The t i m e a x i s of t h e p l o t s i s p r o p o r t i o n a l t o 

a p p l i e d f i e l d . I t can be seen from t h e Barkhausen 

n o i s e v o l t a g e p l o t s t h a t t h e m a j o r i t y of t h e Barkhausen 

n o i s e occurs a f t e r t h e c r o s s i n g p o i n t at He. T h i s 

would be expected as t h e f i e l d i n t h e sample i s 

changing r a p i d l y i n t h i s r e g i o n c a u s i n g domain w a l l s t o 

move fr o m one p i n n i n g s i t e t o another. The motion of 

th e w a l l s may be impeded by t h e f o r m a t i o n of domains of 
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r e v e r s e m a g n e t i s a t i o n i n t h e form of s p i k e s or by the 

s i m p l e ' t r a p p i n g ' of a domain w a l l at the impediment 

[83 . 

9. 3a Peak X 

The peak, X, has been shown t o be r e l a t e d t o the 

p o s i t i o n of t h e s t e e l sample i n t h e c o i l system, the 

asymmetry of t h e f i e l d s i n t h e sample caus i n g a 

s p u r i o u s s i g n a l . The peak i s a c t u a l l y exaggerated on 

t h e p l o t s by t h e a v e r a g i n g procedure. 

A s i m i l a r l a r g e peak t o t h e peak, X, at the s t a r t 

of t h e Barkhausen n o i s e has been observed by Barton and 

Kusenberger C93 i n t h e t e s t i n g of b e a r i n g s under a 

r a d i a l load. The peak was observed a f t e r t h e bearings 

had been t e s t e d b o t h i n t h e l a b o r a t o r y and i n s e r v i c e 

f o r up t o 983 hours. The Barkhausen n o i s e 

c h a r a c t e r i s t i c s of t h e b e a r i n g s which had been i n 

s e r v i c e were compared w i t h those from b e a r i n g s t e s t e d 

i n t h e l a b o r a t o r y . The peak was apparent i n both s e t s 

of data. The e x p l a n a t i o n o f f e r e d f o r t h e peak i s t h e 

decrease i n s u r f a c e compressive s t r e s s over the time 

p e r i o d t e s t e d ; e q u a l l y i t c o u l d be argued t h a t an 

i n c r e a s e i n t e n s i l e s t r e s s would produce a s i m i l a r 

e f f e c t . The t e s t s on b e a r i n g s from s e r v i c e showed t h e 

pronounced peak o c c u r r e d i n 60% of t h e b e a r i n g s t e s t e d . 

The method of measurement here was w i t h a s m a l l 

'stand-on' t r a n s d u c e r . The peak observed may have been 

caused by a s i m i l a r asymmetry i n t h e f i e l d as t h e 



t r a n s d u c e r i s s m a l l e r t h a n t h e sample. There are no 

o t h e r r e p o r t s of t h i s t y p e of anomalous s i g n a l , 

a l t h o u g h t h e p l o t t i n g of t h e d i r e c t v o l t a g e output of 

t h e p i c k - u p c o i l has not been r e p o r t e d by many workers. 

9.3b P l a s t i c D e f ormation o f Sample 40 

The v o l t a g e p l o t s f o r sample 40 show t h a t t h e r e i s 

a decrease i n t h e main Barkhausen n o i s e peak a f t e r 

d e f o r m a t i o n . T h i s decrease i s d i f f i c u l t t o e x p l a i n i n 

terms of t h e c l u s t e r i n g of Barkhausen jumps as the 

median v a l u e of t h e c l u s t e r s would be expected t o 

i n c r e a s e w i t h p l a s t i c s t r a i n . A p o s s i b l e e x p l a n a t i o n 

may be t h a t , a l t h o u g h t h e a m p l i t u d e of t h e c l u s t e r s i s 

l a r g e r , t h e r e i s a g r e a t e r t i m e between c l u s t e r s [13 so 

at each sample t i m e t h e r e w i l l not be as many c l u s t e r s 

superimposed on each o t h e r and t h e peak h e i g h t i s 

reduced. T h i s i n t e r p r e t a t i o n would o n l y be v a l i d f o r 

t h e c o i l system and r e c o r d i n g parameters i n t h i s work. 

A d i f f e r e n t e x p l a n a t i o n f o r t h e decrease i n peak 

h e i g h t may be t h a t , as shown i n f i g u r e 9.7 [103, t h e r e 

i s a net compressive s t r e s s at t h e s u r f a c e of a 

p l a s t i c a l l y deformed rod. I t has been shown by 

Rautioaho and K a r j a l a i n e n [113 t h a t a compressive 

s t r e s s , e l a s t i c a l l y induced, w i l l cause a drop i n t h e 

t r u e RMS v o l t a g e o f t h e Barkhausen n o i s e i f t h e sample 

i s magnetised i n t h e d i r e c t i o n of t h e s t r e s s . I t c o u l d 

be supposed t h a t a p l a s t i c a l l y induced compressive 

s t r e s s would have a s i m i l a r e f f e c t , t h e decrease i n RMS 
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v o l t a g e b e i n g r e f l e c t e d i n t h e lower peak h e i g h t of t h e 

v o l t a g e p l o t o f t h e p l a s t i c a l l y deformed sample 40. 

9. 3c Surface Removal 

The r e s u l t s o f s u r f a c e removal show t h a t t h e 

Barkhausen n o i s e p i c k - u p f r o m t h e m a t e r i a l was not 

s i g n i f i c a n t l y a f f e c t e d by t h e damage i n t h e s u r f a c e 

caused by sample p r e p a r a t i o n . T h i s r e s u l t shows t h a t 

t h e r e s u l t s f o r t h e samples should be r e l i a b l e and t h a t 

t hey a re r e p r e s e n t a t i v e of t h e bu l k m a t e r i a l . 

The v o l t a g e p r o f i l e s f o r t h e etched samples show 

t h a t t h e 90° domain w a l l peak i s not always apparent on 

th e v o l t a g e p l o t . The reason f o r t h i s i s not c l e a r but 

i t may be a n t i c i p a t e d t h a t t h e peak would be 

d i s c e r n i b l e f o r a slower m a g n e t i s i n g frequency and a 

d i f f e r e n t waveform sampling r a t e . 

9. 4 PLASTIC DEFORMATION OF STEEL TYPE 2401 

The r e s u l t s f o r t h e s t e e l t y pe 2401 showed t h a t 

f o r i n c r e a s i n g p l a s t i c d e f o r m a t i o n and f o r i n c r e a s i n g 

He t h e v a l u e of power spectrum i n t e r c e p t decreases. 

The decrease w i t h p l a s t i c d e f o r m a t i o n i s e x p l a i n e d i n a 

s i m i l a r manner t o t h e decrease observed i n power 

spectrum i n t e r c e p t f o r sample number 40 of t h e 12 i n c h 

samples. The apparent s a t u r a t i o n of t h e value of power 

spectrum at p l a s t i c d e f o r m a t i o n h i g h e r than 10% 

i n d i c a t e s t h a t t h e i n c r e a s e i n t h e number of 
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d i s l o c a t i o n s does not cause t h e c o r r e l a t i o n domain t o 

grow i n any s m a l l e r stages. 

The decrease i n power spectrum i n t e r c e p t w i t h He 

may be e x p l a i n e d by c o n s i d e r i n g t h e c o n t r i b u t i o n s t o 

t h e v a l u e of b u l k c o e r c i v i t y i n a s i m i l a r manner t o the 

c o n s i d e r a t i o n s f o r t h e 12 i n c h samples. The value of 

c o e r c i v i t y may be e s t i m a t e d i n terms of t h e f o l l o w i n g 

equat i o n : 

He = Hj ( i n c D + H j <6>=")+H3 <o>j«>+H^ <CT)+H5 ( d i s l o c ) 

The 12 i n c h samples had v a r i a t i o n s i n He due t o 

changes i n t h e v a l u e of Ĥ  , Hg and Ĥ  , t h e value of 

Hg was assumed t o be c o n s t a n t . For t h e samples of 2401 

s t e e l t h e v a l u e of H^ has been changed by t h e p l a s t i c 

d e f o r m a t i o n of t h e samples so t h i s must be taken i n t o 

c o n s i d e r a t i o n . 

The p l a s t i c d e f o r m a t i o n w i l l i n c r e a s e t h e number 

of p i n n i n g s i t e s i n t h e m a t e r i a l . The i n c r e a s e w i l l 

cause t h e c o r r e l a t i o n domain t o grow i n s m a l l e r stages 

g i v i n g an i n c r e a s e i n t h e h i g h frequency p o r t i o n of the 

power spectrum and a subsequent decrease i n t h e lower 

f r e q u e n c i e s . The number of p i n n i n g s i t e s , however, 

reaches a p o i n t where any f u r t h e r i n c r e a s e does not 

a l t e r t h e s i z e of t h e stages of growth of t h e 

c o r r e l a t i o n domain. The v a l u e of He w i l l i n c r e a s e as 

t h e v a l u e of Ĥ  i s p r o p o r t i o n a l t o t h e number of 

d i s l o c a t i o n s i n t h e m a t e r i a l . 
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Photographs 9A, 9B, 9C and 9D, 9E show some 

e l e c t r o n micrographs of t h e s t r u c t u r e of t h e samples 

[ 1 2 ] . ^ 9A, 9B and 9C show t h r e e views of t h e same 

sample, t h e d e f o r m a t i o n i n t h e sample being 

a p p r o x i m a t e l y 20%. The dark u n d u l a t i n g l i n e s on a l l 

t h e photographs are d i s l o c a t i o n s i n t h e s t e e l . 9A i s 

th e i n - f o c u s view w i t h a g r a i n boundary r u n n i n g from 

l e f t t o r i g h t across t h e photograph. 9B and 9C show 

th e same g r a i n boundary r u n n i n g from t h e bottom l e f t 

c o r n e r across t h e view, t h e g r a i n boundary appears t o 

be t h e same c o l o u r i n each photograph. A domain w a l l 

i s shown on 98 and 9C; t h e p o s i t i o n of t h e w a l l b eing 

almost c e n t r a l i n t h e photographs and t h e c o n t r a s t of 

th e w a l l changing between t h e un d e i — f o c u s 98 and 

o v e r - f o c u s 9C views. I t can be seen t h a t t h e domain 

w a l l i s not s t r a i g h t , s u g g e s t i n g t h a t i t i s pinned by 

th e d i s l o c a t i o n s i n t h e s t e e l . I n t h e bottom r i g h t 

hand c o r n e r of t h e o v e i — f o c u s view i t i s a l s o p o s s i b l e 

t o see a domain w a l l b e i n g pinned by t h e g r a i n 

boundary. 

Photographs 9D and 9E show two views o f a 7-8% 

deformed sample, w i t h a f i e l d of 8-27kAm-» a p p l i e d 

p a r a l l e l t o t h e domain w a l l on 9E. The i n - f o c u s view, 

9D, shows a g r a i n boundary across t h e photograph. The 

same g r a i n boundary i s shown i n a s l i g h t l y lower 

p o s i t i o n on 9E. The l i g h t l i n e on 9E i s a domain w a l l 

c l e a r l y showing p i n n i n g a l o n g i t s l e n g t h . The a p p l i e d 

f i e l d causes t h e w a l l t o ' bow' between p i n n i n g s i t e s . 
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PHOTOGRAPH 9A In-Focus View, 20% Deformation (approx. ) ( / ^ J 
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PHOTOGRAPH 9B Under-Focus View, 20% Deformation (approx. ) Qa] 
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PHOTOGRAPH 9E 7-8% Deformation, A p p l i e d Field QT} 
(tjQ.iCJ5n toy 'TV)orv,pj,on^ 
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so t h e p i n n i n g i s more e a s i l y d i s c e r n i b l e than w i t h no 

a p p l i e d f i e l d . 

9. 5 INDUSTRIAL APPLICATION OF BARKHAUSEN NOISE 

I t has been shown t h a t i t i s p o s s i b l e t o e v a l u a t e 

r e s i d u a l s t r e s s f r o m c u t t i n g w i t h a commercially 

a v a i l a b l e u n i t . The u n i t makes use of the change i n 

median v a l u e of Barkhausen Jump c l u s t e r f o r i t s 

e v a l u a t i o n . I t has a l s o been shown t h a t the power 

spectrum i n t e r c e p t , e x t r a p o l a t e d from a s u i t a b l e value 

which a v o i d s t h e n o i s y p a r t of t h e s i g n a l , i s s e n s i t i v e 

t o p l a s t i c d e f o r m a t i o n . I t would t h e r e f o r e be p o s s i b l e 

t o develop a sensor and e l e c t r o n i c s system which would 

show t h e amount of d e f o r m a t i o n i n terms of t h e power 

spectrum i n t e r c e p t . The advantage of t h i s t y p e of 

sensor may be t h a t w i t h s u i t a b l e c a l i b r a t i o n i t would 

be p o s s i b l e i n c e r t a i n i n s t a n c e s t o i m p l y something 

about t h e magnetic p r o p e r t i e s of t h e s t e e l under 

examinat i o n . 
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CHAPTER 10 - CONCLUSIONS AMD SUGGESTIONS 

The work presen t e d here has shown t h a t Barkhausen 

n o i s e power s p e c t r a show no s i m p l e g e n e r a l 

r e l a t i o n s h i p s t o t h e b u l k magnetic p r o p e r t i e s of 

c o n s t r u c t i o n a l s t e e l s , but c e r t a i n r e l a t i o n s h i p s may 

h o l d under p a r t i c u l a r c o n d i t i o n s . The complex 

processes which f o r m t h e i n d i v i d u a l Barkhausen Jumps 

i n t o c l u s t e r s of r e l a t e d Jumps are a s s o c i a t e d w i t h the 

m i c r o s t r u c t u r e of t h e s t e e l and t h e shape of the 

h y s t e r e s i s loop. 

The power s p e c t r a c o u l d be used t o determine the 

s t a t e of s t r e s s i n a m a t e r i a l as they are s e n s i t i v e t o 

b o t h e l a s t i c and p l a s t i c s t r a i n . I t i s shown here t h a t 

i f t h e r e i s a s u i t a b l e r e f e r e n c e i n an u n s t r a i n e d 

m a t e r i a l a q u a l i t a t i v e c o n c l u s i o n can be made as t o t h e 

s t r e s s s t a t e of t h e m a t e r i a l . F u r t h e r i n v e s t i g a t i o n 

may r e v e a l a s u i t a b l e measurement from t h e power 

s p e c t r a t o be l i n k e d q u a n t i t a t i v e l y t o r e s i d u a l s t r e s s . 

The NDT systems a l r e a d y developed w i t h Barkhausen 

n o i s e a n a l y s i s do not use power s p e c t r a as t h e i r 

a n a l y s i s medium but r e l y on a m p l i t u d e measurements. 

The a m p l i t u d e measurements are very s e n s i t i v e t o g r a i n 

s i z e and can be r e l a t e d t o magnetic parameters i n a 

r a t h e r q u a l i t a t i v e manner. I t would be a p p r o p r i a t e , 

t h e r e f o r e , t o f o l l o w up these q u a l i t a t i v e measurements 

and t o attempt t o r e l a t e t h e n o i s e and magnetic 

parameters q u a n t i t a t i v e l y . The equipment used f o r t h e 
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measurements made here c o u l d be m o d i f i e d f o r amplitude 

measurements by t h e use of g a t i n g and a m u l t i - c h a n n e l 

a n a l y z e r i n s t e a d of t h e t r a n s i e n t r e c o r d e r . 

I t has been i n d i c a t e d by Rautioaho and K a r j a l a i n e n 

[13 t h a t i t i s p o s s i b l e t o q u a l i t a t i v e l y r e l a t e t h e 

t r u e RMS v a l u e of Barkhausen n o i s e i n t h e h y s t e r e s i s 

l o o p t o t h e r e s i d u a l s t r e s s e s i n a m a t e r i a l ; t h i s was 

t e s t e d by s t r e s s r e l i e f of welded samples. There i s , 

as y e t , no q u a n t i t a t i v e a n a l y s i s . I t i s shown here 

t h a t t h e power spectrum i n t e r c e p t i s s e n s i t i v e t o 

s t r e s s r e l i e f and p l a s t i c d e f o r m a t i o n , so i t should be 

p o s s i b l e t o undertake a s i m i l a r a n a l y s i s i n v o l v i n g 

power s p e c t r a . 

The equipment used f o r t h i s work has been proved 

t o be of a reasonable q u a l i t y f o r making measurements 

of Barkhausen n o i s e i n t h e l a b o r a t o r y . F u t u r e 

developments f o r t h e equipment would be t o make i t more 

e f f i c i e n t ; t h e method of d i v i d i n g t h e loop and be i n g 

l i m i t e d by t h e computer and t r a n s i e n t r e c o r d e r 

a v a i l a b l e meant t h a t one sample took at l e a s t 5 hours 

t o t r a n s f e r t o PET d i s c , 20 minutes t o t r a n s f e r t o BBC 

d i s c and 1 hour 40 minutes t o t r a n s f e r t o NUMAC, a 

t o t a l of 7 hours w i t h o u t any a n a l y s i s being done. A 

spectrum a n a l y z e r would be much q u i c k e r and eas i e r , 

a l t h o u g h expensive. 

F u r t h e r work on Barkhausen n o i s e would have t o ' 

i n c l u d e t h e development of a magnetic t r a n s d u c e r and 

i t s e l e c t r o n i c s . A crude t r a n s d u c e r was made d u r i n g 
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t h e course of t h i s work but i t s use was l i m i t e d t o 

o b s e r v a t i o n s on an o s c i l l o s c o p e screen. I t would 

appear t h a t t h e t r a n s d u c e r s are reasonably easy t o make 

i n t h i s crude form, but f o r e f f e c t i v e n o i s e a n a l y s i s 

t h e c h a r a c t e r i s t i c s would have t o be w e l l developed. 

The f u t u r e development of NDT t echniques based on 

Barkhausen n o i s e i s l i k e l y t o i n v o l v e t h e r e l a t i o n s h i p 

between t h e magnetic Barkhausen n o i s e and t h e 

u l t r a s o n i c ( a c o u s t i c ) n o i s e a l s o generated i n the 

m a t e r i a l . I t has been shown by B u t t l e et a l . [23 t h a t 

t h e a c o u s t i c n o i s e i s s e n s i t i v e t o d i s l o c a t i o n d e n s i t y 

as i s Barkhausen noise. There may be a method by which 

t h e two c o u l d be combined t o g i v e a q u a n t i t a t i v e 

a n a l y s i s of d i s l o c a t i o n d e n s i t y . 

The b u l k magnetic p r o p e r t i e s of a m a t e r i a l have 

not been r e l a t e d t o a c o u s t i c noise, an e xamination of 

m a t e r i a l s w i t h an a c o u s t i c t r a n s d u c e r may p r o v i d e 

i n f o r m a t i o n about these p r o p e r t i e s which Barkhausen 

n o i s e alone cannot. 
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APPENDIX A 

The f o l l o w i n g program was used t o f i n d t h e FFT of 
the Barkhausen n o i s e data. The program i s w r i t t e n i n 
FORTRAN and i s f o r use on an MTS (Michigan Terminal 
System) such as NUMAC. The program shown i s t h a t used 
f o r t h e c o n s t r u c t i o n a l s t e e l s ; c e r t a i n parameters were 
changed f o r t h e s i l i c o n i r o n work. 

C DECLARATION OF VARIABLES 
C 

INTEGER I , IFAIL, J, JMl, N2, NJ, M(8, 4096), L 
INTEGER K, LL, MM, NBIN, NBP 
DOUBLE PRECISION A(32768),B(32768) , SUB(32768) 
DOUBLE PRECISION TOTAL(32768) , X(32768) 
DOUBLE PRECISION Z, YMAX 
REAL T 

C 
C THE VARIABLES DECLARED HAVE THE FOLLOWING MEANINGS 
C M t h e va l u e s f r o m t h e t r a n s i e n t r e c o r d e r 
C YMAX t h e t r a n s i e n t r e c o r d e r maximum used 
C L t h e number of l i n e s of data t o be read 
C X t h e v o l t a g e e q u i v a l e n t o f t h e data 
C A, B t h e r e a l and imaginary p a r t s of t h e FFT 
C SUB t h e sum of A**2 and B**2 
C TOTAL t h e square r o o t of SUB 
C T t h e t o t a l t i m e o f t h e data r e c o r d i n g 
C NBIN t h e number of p o i n t s per b i n 
C NBP t h e number of b i n s p l o t t e d on t h e graphs 
C Z t h e mean va l u e of FFT i n a b i n 
C K, LL, MM are i n t r o d u c e d f o r a r i t h m e t i c 
C I , IFAIL, J, NJ, JMl, N2 are a l l necessary f o r t h e 
C e x t e r n a l l i b r a r y r o u t i n e 
C 
C SET UP FFT PARAMETERS 
C 

N=32760 
T=0.1638 
L=4095 

C 
C INPUT THE TRANSIENT RECORDER MAXIMUM 
C The d i v i s i o n by 1000 i s t o a l l o w f o r a m p l i f i c a t i o n 
C 

WRITE (6,4) 
4 FORMAT (' ','MAX/1000?' ) 

READ (5 , * ) YMAX 
C 
C READ THE DATA FROM THE DATA FILE 
C 
C I F (N. LE. 1) STOP 
C DO 10 1 = 1, L 
10 READ (7,«) (M(K, I ) , K=l, 8) 
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c 
C CALCULATE THE VOLTAGE EQUIVALENT SQUARED 
C 

J=0 
DO 20 1 = 1, L 
DO 30 K=l, 8 
J=J+1 
X<J) = <<M<K, I)-522)*YMAX)*»2 

30 CONTINUE 
20 CONTINUE 
C 
C CALL THE NAG FFT ROUTINE 
C 

IFAIL=0 
CALL C06EAF (X, N, IFAI L ) 
A<1)=X<1) 
B<1)=0. ODO 
N2=<N+l>/2 
DO 40 J=2, N2 
NJ=N-J+2 
A( J ) = X ( J ) 
B<NJ)=X<NJ) 
B<NJ)=-X<NJ) 

40 CONTINUE 
IF <MOD<N, 2 ) . NE. 0) GOTO 50 
A<N2+1)=X<N2+1) 
B<N2+1)=0. ODO 

C 
C CALCULATE THE MODULUS OF THE FFT 
C 

DO 60 J = l, N2 
SUB <J) = <A <J)**2+B <J)**2) 
TOTAL <J)=DSQRT(SUB(J)) 

60 CONTINUE 
C 
C SET NBIN AND NBP AND FIND THE MEAN OF EACH BIN 
C 

NBIN=20 
NBP=100 
LL=1 
MM=1 
K=NBIN*N8P 
I=NBIN 

200 TT=0. 0 
Z=0. 0 
DO 100 J=LL,NBIN 
TT=TT+TOTAL(J) 

100 CONTINUE 
Z=TT/I 
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C 
C WRITE MEAN TO OUTPUT FILE 
C 

WRITE (10,22) Z 
22 FORMAT (F15.10) 

LL=LL+1 
MM=MM+1 
NBIN=I«MM 
IF (NBIN. LE. K) GOTO 200 
STOP 
END 



The f o l l o w i n g program was used f o r p l o t t i n g t h e Power 
Spectra. The c a l l s a re made t o t h e GHOST l i b r a r y h e l d 
at NUMAC. The program was m o d i f i e d f o r the v o l t a g e 
p r o f i l e p l o t s . 

C 
C 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

C 
C 
C 

20 

10 
C 
C 
C 

DECLARATION OF VARIABLES 

REAL Y(16384), X(16384), T, Z 
INTEGER J, N, NBIN, M, NBP, N2 

THE VARIABLES DECLARED HAVE THE FOLLOWING MEANINGS 
X, Y t h e c o - o r d i n a t e s t o be p l o t t e d 
T t h e t o t a l r e c o r d i n g t i m e 
NBIN t h e number of p o i n t s per b i n 
N t h e t o t a l number of p o i n t s 
M t h e number of p o i n t s p l o t t e d 
Z,N2 a r e f o r a r i t h m e t i c 

SET THE PARAMETERS 

T=0.1638 
NBIN=20 
NBP=100 
M=NBP 

FIND THE VALUES TO BE PLOTTED 

DO 20 J = l, M 
Z=NBIN*(2*J-1)/(2*T) 
X(J)=Z 
CONTINUE 
DO 10 J = l , M 
READ (10, *) Y(J) 
CONTINUE 

DO THE PLOTTING 

CALL PAPER (1) 
CALL PSPACE (0. 2, 0. 8, 0. 2, 0. 6) 
CALL CTRSET (4) 
CALL CTRMAG (5) 
CALL MASK (0. 6, 0. 8, 0. 5, 0. 6) 
CALL CURVEO (X, Y, 9, M) 
CALL AXES 
CALL UNMASK (0) 
CALL PSPACE (0. 6, 0. 8, 0, 5, 0. 6) 
CALL BORDER 
CALL CTRSET (1) 
CALL CTRMAG (9) 
CALL MAP (0. , 100. , 0. , 100. ) 
CALL PLOTCS (4. , 85. , ' . . . 25 CHARACTERS. . .•,25) 
CALL CTRMAG (7) 
CALL PLOTCS (10. , 65. , ' . . 16 CHARACTERS. . • , 16) 
CALL PLOTCS (10. , 45. , • . . 26 CHARACTERS. . ' , 26) 
CALL PLOTCS (10. , 25. , ' . . 26 CHARACTERS. . • , 26) 
CALL PLOTCS (10. , 5. , ' . . 26 CHARACTERS. . ' , 26) 
CALL PSPACE (0. 1, 0. 9, 0. 05, 0. 9) 
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CALL MAP (0. , 100. , 0. , 100. ) 
CALL CTRSET (1) 
CALL CTRMAG (10) 
CALL PCSEND (85. , 12. , ' 13 CHARACTERS' , 13) 
CALL PCSEND (15. , 71. , '5CHRS', 5) 
CALL PCSEND (15. , 68. , ' 5CHRS', 5) 
CALL GREND 
STOP 
END 

Kg 
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