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ABSTRACT 

Th i s t h e s i s d e s c r i b e s an i n v e s t i g a t i o n o f the magnetic 

p r o p e r t i e s o f h i g h t e n s i l e s t e e l s t y p i c a l o f those produced 

f o r t h e h i g h p r e s s u r e gas p i p e - l i n e i n d u s t r y . R e s u l t s are 

p r e s e n t e d f o r b o t h b u l k and s m a l l s e c t i o n samples, and the 

observed v a r i a t i o n s i n magnetic b e h a v i o u r as a f u n c t i o n 

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

q u a l i t a t i v e l y by changes i n s t e e l m e t a l l o g r a p h y . The 

development o f an automated d o u b l e - c r a n k V i b r a t i n g Sample 

Magnetometer5 r e q u i r e d f o r d e t e r m i n i n g the magnetic 

c h a r a c t e r i s t i c s of s m a l l samples, i s a l s o d e s c r i b e d which, 

w i t h o u t s i g n a l a m p l i f i c a t i o n , has a moment d e t e c t a b i l i t y 

l i m i t o f 10~^ e.m.u. 

The r e p r e s e n t a t i o n o f the f u l l m a g n e t i z a t i o n l o o p by 

a F o u r i e r s e r i e s i s i n v e s t i g a t e d and the v a r i a t i o n s i n 

harmonic a m p l i t u d e s found f o r the range o f s t e e l s con­

s i d e r e d here are compared t o those p r e d i c t e d by t h e o r e t i c a l 

models. The s u c c e s s f u l p a r a m e t e r i z a t i o n o f the i n i t i a l 

m a g n e t i z a t i o n curve i s a l s o r e p o r t e d u s i n g a two parameter 

model (LnB = (k - H~'^)LnA)), and l i n e a r r e l a t i o n s h i p s 

between t h e c o e r c i v e f i e l d (H^) and these parameters (k,LnA) 

are p r e s e n t e d which p e r m i t the p r e d i c t i o n o f the i n i t i a l 

m a g n e t i z a t i o n curve o f any s i m i l a r s t e e l from a knowledge 

o f . A l t h o u g h t h e l a t t e r may be d e t e r mined a c c u r a t e l y by 

d i r e c t measurements o f s m a l l samples, f u r t h e r l i n e a r r e l a t i o n ­

s h i p s are i n d i c a t e d which a l l o w t h e d e t e r m i n a t i o n o f the 

c o e r c i v e f i e l d from a knowledge o f e i t h e r the s t e e l c h e m i s t r y 

o r m e t a l l o g r a p h y . 

The c o m p a t i b i l i t y o f the observed f e r r i t e g r a i n s i z e 

dependent c o n t r i b u t i o n t o the c o e r c i v e f i e l d w i t h g r a i n 

boundary domain w a l l p i n n i n g models i s a l s o i n v e s t i g a t e d . 
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CHAPTER 1 

INTRODUCTIONS TO MAGNETISM AND THE METALLURGY, 

MANUFACTURE AND NON-DESTRUCTIVE INSPECTION OF 

HIGH PRESSURE GAS PIPE-LINE STEEL SYSTEMS 

1.1 OVERVIEW 

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

and manufacture o f s t e e l s used i n h i g h p r e s s u r e gas p i p e ­

l i n e s , and t h e magnetic n o n - d e s t r u c t i v e o n - l i n e i n s p e c t i o n 

o f such p i p e - l i n e s are g i v e n h e r e . I t i s i n t e n d e d t o 

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

w i t h most o f th e concepts and terms which w i l l be used 

t h r o u g h o u t t h i s t h e s i s . A r i g o r o u s t r e a t m e n t o f these 

s u b j e c t s w i l l n o t , t h e r e f o r e , be pr e s e n t e d and, where 

r e l e v a n t , t h e i n t e r e s t e d r e a d e r w i . l l be d i r e c t e d t o sources 

w h i c h p r o v i d e a much g r e a t e r body o f i n f o r m a t i o n than 

t h a t summarized below. 

1.2 MAGNETISM 

1 . 2 ( i ) I n t r o d u c t i o n 

The magnetic f o r c e o f a t t r a c t i o n between lodes t o n e 

( m a g n e t i t e , FeO.Fe202) and i r o n was observed i n a n c i e n t 

Greek t i m e s , but i t was n o t u n t i l t h e advent o f quantum 

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

a t an atomic l e v e l . C l a s s i c a l p h y s i c s does n o t p r e d i c t 

t h e e x i s t e n c e o f magnetic o r d e r . 

The e x i s t e n c e o f a magnetic f i e l d which surrounds 

magnetized m a t e r i a l s was p o s t u l a t e d t o e x p l a i n such f o r c e s 
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and d i s c o v e r i e s made i n t h e e i g h t e e n t h c e n t u r y showed 
t h a t s i m i l a r f i e l d s were ge n e r a t e d by the passage o f 
c i r c u l a t i n g e l e c t r i c c u r r e n t s . The magnetic f i e l d can 
be q u a n t i f i e d , t h e r e f o r e , by c o n s i d e r i n g the f i e l d i n s i d e 
a l o n g s o l e n o i d . Here we have: 

H = NIn (1.1) 

where n i s t h e a x i a l u n i t v e c t o r , N i s number o f t u r n s 

per u n i t l e n g t h , and I i s the c o i l c u r r e n t . I n S.I u n i t s , 

t h e r e f o r e , t h e f i e l d s t r e n g t h H i s measured i n ampere 

per metre (Am"''"). I t i s i m p o s s i b l e t o d etermine d i r e c t l y 

t h e v a l u e o f H u s i n g an e x p e r i m e n t a l measuring d e v i c e 

( e . g . search c o i l o r H a l l e f f e c t probe) because a l l such 

d e v i c e s measure t h e i n d u c t i o n (B) i n a medium a r i s i n g 

f rom the f i e l d . The i n d u c t i o n i s measured i n t e s l a (T) 

and i s o f t e n r e p r e s e n t e d by f l u x l i n e s whose d e n s i t y 

i s i n d i c a t i v e o f t h e magnitude o f B. The q u a n t i t y o f 
_2 

f l u x i s measured i n weber (Wb) and c o n s e q u e n t l y 1 Wbm 

i s e q u i v a l e n t t o I T . 

Magnetized m a t e r i a l s possess a magnetic moment, 

j i , which can be q u a n t i f i e d by comparison w i t h a c u r r e n t 

l o o p . The moment o f a c i r c u l a t i n g c u r r e n t , I , which 

encloses an area a i s g i v e n by: 
jj. = I a n (1.2) 

where n i s t h e u n i t v e c t o r p e r p e n d i c u l a r t o the area. 
2 

Magnetic moment i s measured, t h e r e f o r e , i n ampere metre 
2 

(Am ) . The magnetic moment per u n i t volume o f m a t e r i a l 

i s d e f i n e d as the m a g n e t i z a t i o n , M, and has u n i t s o f 
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ampere per metre i n the S.I system. Thus we have the 
f o l l o w i n g e x p r e s s i o n f o r the i n d u c t i o n i n a magnetized 
m a t e r i a l : 

B = l i ^ H + |1^M ( 1 . 3 ( a ) ) 

= l o - ( 1 . 3 ( b ) ) 

= [1^ H^H ( 1 . 3 ( c ) ) 

M 
where = ( 1 + — ) . | i i s a c o n s t a n t c a l l e d the perme-

r T4 o -7 - 1 -1 a b i l i t y o f f r e e space ( 4TIX 10 henry metre (Hm ) ) 
and i s a d i m e n s i o n l e s s q u a n t i t y r e f e r r e d t o as the 

r e l a t i v e p e r m e a b i l i t y o f the m a t e r i a l . 

The r e l a t i o n between the m a g n e t i z a t i o n o f a m a t e r i a l 

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

r e p r e s e n t e d by the volume s u s c e p t i b i l i t y K. 

M 
K = - = n - 1. (1.4) 

H 

Hence K i s a l s o d i m e n s i o n l e s s . The s u s c e p t i b i l i t y can, 

however, be d e f i n e d i n o t h e r ways (see, f o r example, 

B o z o r t h (1951) and Hawkins ( 1 9 8 2 ) ) . 

The o c c u r r e n c e o f m a g n e t i z a t i o n i n a m a t e r i a l can 

o n l y be e x p l a i n e d by quantum mechanical t h e o r y i n which 

th e magnetic moment o f an i n d i v i d u a l atom i s c o n s i d e r e d 

t o o r i g i n a t e from t h r e e p o t e n t i a l sources; the q u a n t i z e d 

e l e c t r o n s p i n , t h e q u a n t i z e d o r b i t a l a n g u l a r momentum 

o f t h e e l e c t r o n , and t h e change i n the o r b i t a l moment 

induc e d by a magnetic f i e l d . Paramagnetism i s the r e s u l t 

o f t h e f i r s t two sources where f i n i t e atomic moments 
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o r i e n t a t e i n d e p e n d e n t l y i n an a p p l i e d f i e l d t o c r e a t e 
a p o s i t i v e s u s c e p t i b i l i t y . I n c e r t a i n m a t e r i a l s ("ferro-
magnets, a n t i - f e r r o m a g n e t s and f e r r i m a g n e t s ) a spontaneous 
o r d e r i n g o f t h e f i n i t e atomic moments occurs and a non­
zer o m a g n e t i z a t i o n may t h e n r e s u l t i n zero f i e l d . The 
l a s t source produces a n e g a t i v e s u s c e p t i b i l i t y r e f e r r e d 
t o as diamagnetism and, a l t h o u g h i t i s always p r e s e n t , 
t h e e f f e c t o f a si m u l t a n e o u s o c c u r r e n c e o f paramagnetism 
o r f e r r o m a g n e t i s m i s so l a r g e as t o r e n d e r t he diamagnetic 
c o n t r i b u t i o n n e g l i g i b l e . E x c e l l e n t b a s i c t r e a t m e n t s 
o f a l l t h r e e types o f magnetism are g i v e n i n t h e t e x t s 
by Chikazumi ( 1 9 6 4 ) , M o r r i s h (1965) and K i t t e l ( 1 976). 

1 . 2 ( i i ) Ferromagnetism 

The term f e r r o m a g n e t i s m i s g i v e n t o the type o f 

spontaneous magnetic o r d e r i n g observed most commonly 

i n t h e element i r o n . A l l i n t e r n a l moments i n f e r r o m a g n e t i c 

m a t e r i a l s are a l i g n e d i n e x a c t l y t h e same d i r e c t i o n a t 

zero K e l v i n . An i n c r e a s e i n te m p e r a t u r e r e s u l t s i n a 

d i s t r i b u t i o n o f the moments about the m a g n e t i z a t i o n 

d i r e c t i o n u n t i l t h e r m a l a g i t a t i o n overcomes the o r d e r i n g 

mechanism a t a c r i t i c a l t e m p e r a t u r e known as the C u r i e 

t e m p e r a t u r e ( T ^ ) . The m a t e r i a l t h e n becomes paramagnetic 

and i t s b e h a v i o u r i s governed by t h e Curie-Weiss law: 

K = — (1.5: 
T - T^ 

C i s t h e C u r i e c o n s t a n t 
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The o t h e r types o f spontaneous o r d e 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 ) show a l i g n m e n t o f a d j a c e n t moments 
i n o p p o s i t e d i r e c t i o n s , b u t t h e moments a t a d j a c e n t s i t e s 
a r e unequal f o r t h e f e r r i m a g n e t i c case. Zero n e t t magnet­
i z a t i o n i s observed f o r 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 s , 
t h e r e f o r e , w h i l e f e r r i m a g n e t i c m a t e r i a l s s t i l l show a 
b u l k m a g n e t i z a t i o n a l t h o u g h i t i s u s u a l l y s m a l l compared 
t o t h e f e r r o m a g n e t i c case. 

The best known examples o f fe r r o m a g n e t s are the 

t r a n s i t i o n m e t a l s i r o n , c o b a l t and n i c k e l which are a l l 

f e r r o m a g n e t i c a t room t e m p e r a t u r e . Other elements and 

a l l o y s i n v o l v i n g t r a n s i t i o n o r r a r e - e a r t h elements (e.g. 

g a d o l i n i u m and dysprosium) a l s o show fe r r o m a g n e t i s m and 

t h e s e , t o g e t h e r w i t h many o t h e r m a t e r i a l s , are discussed 

i n t h e e x c e l l e n t t e x t on f e r r o m a g n e t i s m by Bo z o r t h (1951). 

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

j u s t i f i e s a more d e t a i l e d d e s c r i p t i o n o f t h e o r i g i n o f 

t h i s phenomenon. 

1 . 2 ( i i i ) M i c r o s c o p i c o r i g i n s o f fer r o m a g n e t i s m 

i n t h e t r a n s i t i o n m e tals 

J u s t as t h e paramagnetic a l i g n m e n t o f independent 

atomic moments occurs i n an e x t e r n a l magnetic f i e l d , 

Weiss (1907) p o s t u l a t e d t h e e x i s t e n c e o f an i n t r i n s i c 

i n t e r n a l f i e l d t o e x p l a i n the a l i g n m e n t o f the moments 

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

o f t h e t e m p e r a t u r e dependence o f t h e s a t u r a t i o n m a g n e t i z a t i o n 

(see F i g u r e 1.1). T h i s f i e l d was assumed t o o r i g i n a t e 

f rom i n t e r a c t i o n s between the molecules and was l a b e l l e d 
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Tc 

F i g u r e 1.1 

R a t i o o f s a t u r a t i o n m a g n e t i z a t i o n a t t e m p e r a t u r e T t o 

t h a t a t 0°K f o r i r o n , c o b a l t and n i c k e l . . S o l i d curve 

i s o b t a i n e d from Weiss t h e o r y ( a f t e r Omar ( 1 9 7 5 ) ) . 
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the Weiss m o l e c u l a r o r mean f i e l d b u t , i n o r d e r t o e x p l a i n 

t h e degree o f a l i g n m e n t observed i n f e r r o m a g n e t s , the 

magnitude o f t h e Weiss f i e l d would have t o be o f the 
3 

o r d e r o f 10 t e s l a . T h i s f i e l d i s much g r e a t e r than 

t h a t o f the combined a l i g n e d moments and t h e o r i g i n o f 

th e Weiss m o l e c u l a r f i e l d remained obscure u n t i l the 

advent o f quantum mechanics. Heisenberg (1928) then 

showed t h a t t h i s f i e l d i s the r e s u l t o f t h e quantum 

mechanical 'Exchange i n t e r a c t i o r l ' o r "exchange f o r c e " which 

has no c l a s s i c a l analogue. 

A l t h o u g h i t i s i m p o s s i b l e t o u n d e r s t a n d t he n a t u r e 

o f t h e exchange f o r c e c l a s s i c a l l y , a glimpse o f i t can 

be o b t a i n e d i n t h e f o l l o w i n g way: The e l e c t r o n s i n the 

atomic s t r u c t u r e , b e i n g f e r m i o n s , are governed by P a u l i ' s 

e x c l u s i o n p r i n c i p l e and must be d e s c r i b e d , t h e r e f o r e , 

by a n t i s y m m e t r i c wave f u n c t i o n s ( i . e . f u n c t i o n s which 

change s i g n when t h e c o o r d i n a t e s , i n c l u d i n g s p i n c o o r d i n a t e s , 

o f any i d e n t i c a l p a i r are i n t e r c h a n g e d ) . Thus f o r two 

e l e c t r o n s h a v i n g t h e same s p i n s t a t e t he s p i n p a r t o f 

the wave f u n c t i o n w i l l be symmetric and the e x c l u s i o n 

p r i n c i p l e d i c t a t e s t h a t , f o r o v e r a l l a ntisymmetry, the 

s p a t i a l p a r t w i l l have t o be a n t i s y m m e t r i c . The o n l y 

p o s s i b l e c o m b i n a t i o n o f s p a t i a l wave f u n c t i o n s i s ; 

% = ^^(1)^^(2) - ^^i2)^^{l) (1.6) 

where (1) i s t h e s i n g l e s p a t i a l wave f u n c t i o n f o r an 

e l e c t r o n l a b e l l e d "a" a t c o o r d i n a t e (1) and i s the 

combined a n t i s y m m e t r i c f u n c t i o n . I t can be seen t h a t . 
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as t h e e l e c t r o n s approach each o t h e r ( i . e . c o o r d i n a t e 

(1) approaches ( 2 ) ) the combined wave f u n c t i o n tends 

t o zero and the p r o b a b i l i t y o f f i n d i n g t h e e l e c t r o n s 

i n t h i s s t a t e i s , t h e r e f o r e , s m a l l . There i s thus an 

appa r e n t f o r c e o f r e p u l s i o n between two e l e c t r o n s o f 

s i m i l a r s p i n and, by the same argument, i t can be shown 

t h a t t h e r e i s a f o r c e o f a t t r a c t i o n between two e l e c t r o n s 

o f o p p o s i t e s p i n . Thus the f e r m i o n e x c l u s i o n p r i n c i p l e 

i s seen t o be t h e o r i g i n o f t h e exchange f o r c e and, a l t h o u g h 

i t i s d i f f e r e n t from t he Coulomb e l e c t r o s t a t i c i n t e r a c t i o n , 

i t s s t r e n g t h i s o f the same o r d e r as t h e Coulomb f o r c e . 

A H a m i l t o n i a n , H, may be w r i t t e n f o r t he e l e c t r o n -

e l e c t r o n i n t e r a c t i o n f o r two e l e c t r o n s e x p e r i e n c i n g a 

p o t e n t i a l due t o an atomic nucleus ( o r s e v e r a l n u c l e i ) 

and an exchange i n t e g r a l d e f i n e d , 

j y 4 ' a ( l ) \ ( 2 ) * H ( j ) ^ ( l ) 4 ) ^ ( 2 ) d T ^ dT2 (1.7) J = \ 

The p o t e n t i a l energy or exchange energy between 

two atoms ( i j j ) w i t h u n p a i r e d s p i n s i s t h e n g i v e n by: 

^ex = - 2 ^ i . S i . (1.8) 

where i s the t o t a l s p i n quantum number o f i t h atom. 

I f t h e exchange i n t e g r a l , J, i s p o s i t i v e i t i s ener­

g e t i c a l l y f a v o u r a b l e f o r t he sp i n s t o a l i g n and f e r r o -

magnetism can occ u r . This c o n d i t i o n i s best met i f the 

i n t e r a t o m i c s p a c i n g ( r ) i s l a r g e compared t o the r a d i i 

o f t h e o r b i t a l s ( ) and J i s most l i k e l y t o be p o s i t i v e 

f o r d and f wave f u n c t i o n s f o r t he atoms o f some t r a n s i t i o n 
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and r a r e e a r t h m etals ( S l a t e r ( 1 9 3 7 ) , M o r r i s h ( 1 9 6 5 ) ) . 
F i g u r e 1.2 shows, f o r example, the v a r i a t i o n i n exchange 
i n t e g r a l w i t h i n t e r a t o m i c s p a c i n g f o r t h e t r a n s i t i o n 
e lements. I t can be seen t h a t , a l t h o u g h manganese and 
chromium are not f e r r o m a g n e t i c , a s m a l l i n c r e a s e i n i n t e r ­
a t o m i c s p a c i n g would i n d u c e f e r r o m a g n e t i s m . T h i s does, 
i n f a c t , occur w i t h some compounds/alloys o f manganese 

(MnSb, f o r example, i s f e r r o m a g n e t i c , w i t h a l a t t i c e 
o o 

s p a c i n g o f 2.89A compared t o 2.58A f o r pure Mn). 

Q u i t e a p a r t from p o s i t i v e v a l u e s f o r the exchange 

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

t h e e x i s t e n c e o f u n f i l l e d e l e c t r o n s h e l l s . I t i s f o r t u i t o u s , 

t h e r e f o r e , t h a t t h e 3d s h e l l i s u n f i l l e d f o r the t r a n s i t i o n 

m e t a l s . The i t i n e r a n t o r c o l l e c t i v e e l e c t r o n model f o r 

f e r r o m a g n e t i s m , f i r s t proposed and c a l c u l a t e d by Stoner 

( S t o n e r ( 1 9 3 3 ) , (1938a,b), (1939) and (1947)) and S l a t e r 

( S l a t e r (1936a,b), ( 1 9 3 7 ) ) , i s i n v o k e d here because 

th e n o n - l o c a l i z e d n a t u r e o f the 3d e l e c t r o n s r e s u l t i n 

th e f a i l u r e o f t h e l o c a l i z e d model t o account f o r the 

observed magnetic moments per atom i n these m e t a l s . 

T h i s ba.nd model t h e o r y o f f e r r o m a g n e t i s m d i v i d e s the 

3d band (shown s c h e m a t i c a l l y i n F i g u r e 1.3(a) and ( b ) ) 

i n t o two sub-bands, r e p r e s e n t i n g t h e two p o s s i b l e o r i e n t a t i o n s , 

up and down. I n the absence o f the exchange i n t e r a c t i o n 

t h e sub-bands are e q u a l l y p o p u l a t e d , r e s u l t i n g i n zero 

m a g n e t i z a t i o n . The presence o f t h e exchange f o r c e and 

exchange energy, however, lowers t h e energy o f the up 

sub-band and r a i s e s t h a t o f t h e down sub-band ( F i g u r e 

1 . 3 ( b ) ) w i t h the r e s u l t t h a t e l e c t r o n s t r a n s f e r from 



r/2rc 

F i g u r e 1.2 

Exchange i n t e g r a l J versus i n t e r a t o m i c d i s t a n c e f o r t r a n ­

s i t i o n elements ( a f t e r Omar ( 1 9 7 5 ) ) . 



B=0 

(a) 

i 

(b) 

F i g u r e 1.3 

M a g n e t i z a t i o n process i n t h e i t i n e r a n t model ( a f t e r Omar 

( 1 9 7 5 ) ) . 
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the down t o up d i r e c t i o n . A n e t m a g n e t i z a t i o n , equal 
t o t h e s a t u r a t i o n m a g n e t i z a t i o n (M ), i s t h e n observed. 
The v a l u e o f M i s , t h e r e f o r e , d e t e r m i n e d by the s t r e n g t h 
o f t h e exchange i n t e r a c t i o n and t h e shape o f the band. 
Indeed, t h e d e n s i t y o f s t a t e s a t t h e Fermi l e v e l must 
be l a r g e f o r f e r r o m a g n e t i s m t o occur o t h e r w i s e the g a i n 
i n k i n e t i c energy occasioned by t h e e l e c t r o n f l i p p i n g 
i t s moment may be g r e a t e r t h a n t h e r e d u c t i o n i n exchange 
energy ac h i e v e d i n d o i n g so. F i g u r e 1.4(a) shows, by 
way o f example, t h e d e n s i t y o f s t a t e s as a f u n c t i o n o f 
energy f o r t h e 4s and 3d bands o f i r o n , n i c k e l and copper. 
F i g u r e 1.4(b) shows t h e same i n f o r m a t i o n f o r copper more 
a c c u r a t e l y . I t can be seen t h a t t h e d e n s i t y o f s t a t e s 
f o r t he 3d band i s much g r e a t e r t h a n t h a t o f the 4s band 
which i s e s s e n t i a l l y f l a t . The exchange i n t e g r a l f o r 
such a band would, t h e r e f o r e , have t o be v e r y l a r g e 
indeed f o r f e r r o m a g n e t i s m t o o c c u r . 

1 . 2 ( i v ) Macroscopic f e r r o m a g n e t i s m 

I t i s w e l l known t h a t i n s p i t e o f the spontaneous 

m a g n e t i z a t i o n p r o p e r t y a f e r r o m a g n e t i c specimen may e x h i b i t 

no magnetic moment when t h e a p p l i e d f i e l d i s z e ro. The 

a p p l i c a t i o n o f even a s m a l l f i e l d , however, u s u a l l y produces 

a magnetic moment which i s many o r d e r s o f magnitude l a r g e r 

t h a n t h a t produced i n a paramagnetic substance. I n o r d e r 

t o e x p l a i n these r e s u l t s and the form o f the observed 

h y s t e r e s i s curve f o r such m a t e r i a l s , Weiss (1907) p o s t u l a t e d 

th e e x i s t e n c e o f s m a l l r e g i o n s , c a l l e d domains, each 

s p o n t a n e o u s l y magnetized. I n the b u l k demagnetized s t a t e 
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these domains are randomly o r i e n t a t e d ( i n a p u r e l y i s o t r o p i c 
s y s t e m ) , and t h e a p p l i c a t i o n o f a magnetic f i e l d causes 
movement o f t h e domain b o u n d a r i e s / w a l l s , o f t e n c a l l e d 
B l o c h w a l l s ( B l o c h ( 1 9 3 2 ) ) , such t h a t domains o r i e n t a t e d 
i n t h e f i e l d d i r e c t i o n i n c r e a s e i n volume a t the expense 
o f t h e o t h e r domains. 

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

s t r u c t u r e was f i r s t t r i e d by Landau and L i f s h i t z (1935) 

and a good t h e o r y f o r a p e r f e c t s i n g l e c r y s t a l should 

m i n i m i z e t h e energy terms from m a g n e t o s t a t i c , magneto-

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

t o c a l c u l a t e t h e s i z e and o r i e n t a t i o n o f t h e domains. 

The domain s t r u c t u r e s are u s u a l l y complex, as they are 

m o d i f i e d by d e f e c t s and i m p u r i t i e s i n the m a t e r i a l , but 

t h e y have been observed d i r e c t l y , f o r example W i l l i a m s 

e t a l . ( 1 9 4 9 ) , u s i n g v a r i o u s imaging t e c h n i q u e s , such 

as t h e B i t t e r method ( B i t t e r ( 1 9 3 1 ) ) , t o show good agreement 

w i t h t h e p r e d i c t i o n s o f t h e t h e o r e t i c a l models. 

The macroscopic m a g n e t i z a t i o n o f a f e r r o m a g n e t i c 

m a t e r i a l o c c u r s , as s t a t e d above, t h r o u g h t h e growth 

i n number and s i z e o f these domains which are fa v o u r e d 

by t h e a p p l i e d f i e l d . S t a r t i n g w i t h a demagnetized specimen, 

the a p p l i c a t i o n o f a f i e l d causes i n i t i a l r e v e r s i b l e 

domain w a l l movement (see F i g u r e 1.5) which, a t h i g h e r 

f i e l d s , i s f o l l o w e d by i r r e v e r s i b l e and r e v e r s i b l e domain 

r o t a t i o n p r o c e s s e s , u n t i l e v e n t u a l l y a s i n g l e domain 

e x i s t s whose m a g n e t i z a t i o n d i r e c t i o n i s c o i n c i d e n t w i t h 

t h e f i e l d d i r e c t i o n . The presence o f d e f e c t s and i m p u r i t i e s 

i n t h e m a t e r i a l causes secondary minima t o appear i n 
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I n i t i a l m a g n e t i z a t i o n curve and h y s t e r e s i s l o o p o f a 

t y p i c a l f e r r o m a g n e t i c m a t e r i a l . 
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t h e t o t a l w a l l energy as a f u n c t i o n o f displacement 

( F i g u r e 1.6) which p r e s e n t e x t r a energy b a r r i e r s t o the 

m o t i o n o f the Bloch w a l l s . The r e s u l t i s an in c r e a s e d 

c o e r c i v e f i e l d and a reduced v a l u e f o r t h e i n i t i a l perme­

a b i l i t y o f t h e m a t e r i a l . 

The magnitude, l a r g e o r s m a l l , o f the energy l o s t 

d u r i n g f i e l d - c y c l i n g a s s o c i a t e d w i t h t h e above processes 

d e t e r m i n e s whether a m a t e r i a l i s m a g n e t i c a l l y "hard" 

o r " s o f t " . I n t h i s c o n t e x t , p i p e - l i n e s t e e l can be regarded 

as a r e a s o n a b l y s o f t magnetic m a t e r i a l . A knowledge 

o f t h e h y s t e r e s i s l o s s , t o g e t h e r w i t h the parameters 

o b t a i n e d from t he h y s t e r e s i s c u r v e , i s e s s e n t i a l , t h e r e f o r e , 

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

1.3 THE MANUFACTURE AND METALLURGY OF STEEL FOR HIGH 

PRESSURE GAS PIPE-LINES 

1 . 3 ( i ) P i g I r o n 

The m a t e r i a l o f g r e a t e s t importance i n many s t e e l -

making processes i s p i g - i r o n . The raw m a t e r i a l used 

i n i t s manufacture i n t h e c o n v e n t i o n a l b l a s t f u r n a c e 

a r e : 

(a) Ore - e i t h e r m a g n e t i t e (FeO.Fe202), h e m a t i t e (Fe202), 

l i m o n i t e and o t h e r h y d r o x i d e s (2Fe202 H2O t o 

Fe202 3H2O) o r s i d e r i t e (FeCO^) and o t h e r types 

o f c a r b o n a t e o r e . 

(b) Limestone - a f l u x t o combine w i t h t h e n o n - m e t a l l i c 

p o r t i o n o f t h e ore t o form a f l u i d s l a g , m a i n l y 

c a l c i u m s i l i c a t e . 
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P l o t o f w a l l energy as a f u n c t i o n o f di s p l a c e m e n t ( a f t e r 

M o r r i s h ( 1 9 6 5 ) ) . 
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( c ) Coke - t o reduce t h e i r o n o x i d e s and p r o v i d e heat 
f o r m e l t i n g b o t h m e t a l and s l a g . 

Throughout t h e o p e r a t i o n o f t h e b l a s t f u r n a c e the 
m o l t e n i r o n accumulates a t t h e bottom o f t h e f u r n a c e 
f r o m where i t i s tapped and t r a n s f e r r e d t o the v a r i o u s 
s t e e l f u r n a c e s o r c a s t i n t o sand o r c h i l l moulds t o g i v e 
" p i g s " . 

While i n t h e b l a s t f u r n a c e the i r o n absorbs carbon, 

s i l i c o n , manganese, s u l p h u r and the whole o f the phosphorus 

i n t h e charge. The i r o n thus produced i s c l a s s e d a c c o r d i n g 

t o i t s phosphorus c o n t e n t and each c l a s s i s graded a c c o r d i n g 

t o i t s s i l i c o n c o n t e n t . A t y p i c a l c o m p o s i t i o n o f p i g 

i r o n i s 3 . 5 7 o c a r b o n , 1 . 9 7 o s i l i c o n , 0 . 0 6 7 o s u l p h u r , 1 . 0 7 o 

phosphorus and 0 . 7 7 o manganese. 

The process r e q u i r e d f o r s t e e l p r o d u c t i o n needs 

t o remove most, i f n o t a l l , o f these i m p u r i t i e s and t o 

reduce t h e carbon c o n t e n t i n o r d e r t o produce s t e e l w i t h 

t h e r e q u i r e d mechanical p r o p e r t i e s (see F i g u r e 1 . 7 ) . 

E x c e l l e n t t r e a t m e n t s o f the p r o d u c t i o n o f p i g i r o n (and 

a l l a s p e cts o f s t e e l manufacture and s t r u c t u r e ) are g i v e n 

i n t h e t e x t s by R o l l a s o n ( 1 9 6 4 ) , K i r k a l d y and Ward ( 1 9 6 4 ) , 

Johnson and Weeks ( 1 9 6 4 ) , H i g g i n s ( 1 9 6 5 ) , Hume-Rothery 

( 1 9 6 6 ) , B a i l e y ( 1 9 7 3 ) , and Kempster ( 1 9 7 6 ) . 

The a f f e c t o f these i m p u r i t i e s on the mechanical 

p r o p e r t i e s o f s t e e l may be summarized as f o l l o w s : 

(a) S u lphur - t h i s i s the most d e l e t e r i o u s i m p u r i t y 

p r e s e n t i n s t e e l . I t forms a b r i t t l e s u l p h i d e (FeS) 

w h i c h p r e c i p i t a t e s a t g r a i n boundaries and forms t h i n 

f i l m c o a t i n g s around t h e g r a i n s . I t r e n d e r s the s t e e l 
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E f f e c t o f carbon c o n t e n t on mechanical p r o p e r t i e s o f 

i r o n ( a f t e r R o l l a s o n ( 1 9 6 4 ) ) . 
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u n s u i t a b l e f o r b o t h h o t and c o l d work. 

(b) Manganese - a b e n e f i c i a l i m p u r i t y . I t i n c r e a s e s 

the d e p t h o f h a r d e n i n g b u t can cause c r a c k i n g d u r i n g 

quenching processes. Mn i s s o l u b l e i n b o t h a u s t e n i t e 

and f e r r i t e and forms t h e s t a b l e c a r b i d e Mn^C. I t a l s o 

combines r e a d i l y w i t h any s u l p h u r i n the s t e e l t o produce 

MnS which i s l e s s h a r m f u l t h a n f r e e s u l p h u r . Provided 

t h a t about f i v e t i m es t he t h e o r e t i c a l manganese req u i r e m e n t 

i s added t h e i n s o l u b l e MnS accounts f o r a l l t h e s u l p h u r 

and forms l a r g e g l o b u l e s t h r o u g h o u t t h e s t e e l . These 

are r e a d i l y d eformable and become e l o n g a t e d i n t o t h r e a d s 

d u r i n g subsequent r o l l i n g o p e r a t i o n s . As a r e s u l t the 

presence o f Mn improves b o t h s t r e n g t h and toughness. 

(c ) S i l i c o n - a l s o b e n e f i c i a l . I t i s added as a 

d e o x i d a n t b u t i n h i g h - c a r b o n s t e e l s i t must be kept a t 

low l e v e l s because o f i t s tendency t o ren d e r c e m e n t i t e 

(Fe2C) u n s t a b l e ( g i v i n g f r e e f e r r i t e (Fe) and g r a p h i t e ) . 

(d) Phosphorus - forms i r o n - phosphide which i s 

b r i t t l e and has a dangerous tendency t o aggregate thus 

making the s t e e l l o c a l l y b r i t t l e . L e v e l s must, t h e r e f o r e , 

be k e p t below 0 . 0 5 7 o . 

1 . 3 ( i i ) Pipe S t e e l p r o d u c t i o n - the Basic oxygen 

f u r n a c e 

Most p i p e - l i n e s t e e l made i n t h i s c o u n t r y and Europe 

i s produced i n the Basic oxygen f u r n a c e by the Linz-Donawitz 

(LD) process ( S t a r r a t t ( 1 9 6 0 ) , McMulkin ( 1 9 5 5 ) ) because 

o f i t s low c o s t , h i g h p r o d u c t i o n r a t e s and p a r t i c u l a r 
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s u i t a b i l i t y f o r low-carbon s t e e l . The v e s s e l i s u s u a l l y 
pear shaped w i t h an opening a t the t o p f o r c h a r g i n g and 
s l a g removal ( F i g u r e 1.8). I t c o n s i s t s o f a s t e e l s h e l l 
w i t h a b a s i c l i n i n g o f tar-bonded b r i c k . Basic l i n i n g 
( n o r m a l l y b u r n t d o l o m i t e (CaOMgO) o r magriesite (MgO)) 
i s necessary t o r e f i n e p i g i r o n s r i c h i n phosphorous 
as o n l y l i m e (CaO) w i l l do t h i s , r e s u l t i n g i n the p r o d u c t i o n 
o f a b a s i c s l a g . H i s t o r i c a l l y t h e more c o n v e n t i o n a l 
A c i d process was p r e f e r r e d because o f t h e b e t t e r q u a l i t y 
s t e e l i t produced, b u t modern t e c h n i q u e s have ensured 
t h i s q u a l i t y can be matched by t h e Basic process. 

A w a t e r - c o o l e d l a n c e s u p p l y i n g pure oxygen i s g r a d u a l l y 

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

th e i m p u r i t i e s p r e s e n t t o o x i d i z e . Those i m p u r i t i e s 

w i t h t h e g r e a t e r a f f i n i t i e s f o r oxygen, namely s i l i c o n 

and manganese, o x i d i z e f i r s t , and when t h e b u l k o f these 

have been c o n v e r t e d t o s l a g t h e carbon and the n the phos­

phorus are o x i d i z e d t o CO/CO2 and ^2^5 r e s p e c t i v e l y . 

The r e c o m b i n a t i o n o f t h e phosphorus p e n t o x i d e w i t h some 

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

o f powdered l i m e v i a t he la n c e a t t h i s s t a g e . The c a l c i u m 

phosphate thus formed i s s t a b l e and j o i n s t h e s l a g : 

P2O5 + 3CaO = Ca3(PO^)2 (1.9) 

At t h e end o f t h i s process ( t h e "blow") a d d i t i o n s 

o f c a r b o n , manganese and s i l i c o n a re made t o b r i n g t h e 

carbon c o n t e n t t o t h e s p e c i f i e d p e r c e n t a g e , c o u n t e r a c t 

th e i n f l u e n c e o f s u l p h u r and d e o x i d i z e the m e l t r e s p e c t i v e l y . 

The l a t t e r p r o c e s s , r e f e r r e d t o as " k i l l i n g " t h e s t e e l 
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The Basic Oxygen f u r n a c e - the L.D. c o n v e r t e r , 
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(see s e c t i o n l . S C v i i ) ) , i n v o l v e s t h e r e d u c t i o n o f i r o n 
o x i d e by e i t h e r Mn o r S i : 

FeO + Mn = Fe + MnO (1.10) 

The o x i d i z e d manganese o r s i l i c o n t h e n j o i n s t he 

s l a g . 

The v e s s e l i s r o t a t e d t o pour away as much s l a g 

as p o s s i b l e b e f o r e t h e f i n i s h e d s t e e l i s poured i n t o 

a l a d l e and t h e n i n t o i n g o t moulds f o r subsequent r o l l i n g . 

1 . 3 ( i i i ) The M i c r o s t r u c t u r e o f P l a i n Carbon S t e e l s 

The e s s e n t i a l d i f f e r e n c e between o r d i n a r y s t e e l and 

pure i r o n i s the presence o f carbon i n the f o r m e r , which 

reduces the d u c t i l i t y but i n c r e a s e s t he s t r e n g t h and 

s u s c e p t i b i l i t y t o h a r d e n i n g when r a p i d l y c o o l e d from 

e l e v a t e d t e m p e r a t u r e s . The l a t t e r e f f e c t w i l l be c o n s i d e r e d 

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

here i s l i m i t e d t o s t e e l s which have been c o o l e d s l o w l y 

f rom 1760° - 900°C. 

Pure i r o n c o n t a i n s no carbon, but s m a l l q u a n t i t i e s 

o f i m p u r i t y ( e . g . P, S i and Mn) a r e d i s s o l v e d i n the 

m e t a l . I t s s t r u c t u r e i s b u i l t up o f a number o f c r y s t a l s 

( g r a i n s ) o f the same c o m p o s i t i o n , g i v e n t he name " f e r r i t e " 

i n m e t a l l o g r a p h y ( B r i n e l l hardness 8 0 ^ ) . 

The a d d i t i o n o f carbon t o pure i r o n r e s u l t s i n 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 the s t r u c t u r e , as r e v e a l e d 

by a s u i t a b l e e t c h i n g process, which now c o n s i s t s o f two 

#For a d e f i n i t i o n o f B r i n e l l hardness see B a i l e y (1973) 

and a l s o BS.240.1962, 
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c o n s t i t u e n t s , t h e w h i t e one b e i n g t he f e r r i t e , and the 
d a r k p a r t s b e i n g t h e carbon b e a r i n g c o n s t i t u e n t ( F i g u r e 
1 . 9 ) . Carbon i s p r e s e n t as a compound o f i r o n and carbon 
( 6 . 6 7 7 o ) c a l l e d " c e m e n t i t e " (Fe^C) which i s v e r y hard 
( B r i n e l l hardness 6 0 0 ) , b r i t t l e and has an orth o r h o m b i c 
s t r u c t u r e ( L i p s o n and Fetch ( 1 9 4 0 ) ) . A c l o s e r e x a m i n a t i o n 
o f t h e d a r k areas r e v e a l s t h a t t h e y a l s o c o n s i s t o f two 
components o c c u r r i n g as wavy o r p a r a l l e l p l a t e s a l t e r n a t e l y 
d a r k and l i g h t . These two phases are f e r r i t e and c e m e n t i t e 
w h i c h f o r m a e u t e c t o i d m i x t u r e , c o n t a i n i n g 0 . 8 7 % carbon, 
known as P e a r l i t e . The areas c o n t a i n i n g e i t h e r phase 
a r e , t h e r e f o r e , r e f e r r e d t o as f e r r i t e o r p e a r l i t e g r a i n s . 

Since t h e p e a r l i t e c o n t a i n s 0 . 8 7 7 o carbon i t i s e v i d e n t 

t h a t t h e % P e a r l i t e p r e s e n t i n the m i c r o s t r u c t u r e i s 

g i v e n by: 

7 o Carbon x 1 0 0 
7 o P e a r l i t e = Q ( 1 . 1 1 ) 

f o r 7o Carbon 0 . 8 7 7 o . Any f u r t h e r i n c r e a s e i n carbon 

g i v e s r i s e t o f r e e c e m e n t i t e a t t h e g r a i n b o undaries. 

The h i g h e s t s t r e n g t h i s o b t a i n e d when the s t r u c t u r e c o n s i s t s 

e n t i r e l y o f p e a r l i t e as t h e presence o f f r e e c e m e n t i t e , 

w h i l e i n c r e a s i n g t h e hardness, reduces the s t r e n g t h (see 

F i g u r e 1 . 7 ) . 

The f o r m a t i o n o f the l a m e l l a r P e a r l i t e s t r u c t u r e 

has been s t u d i e d i n some d e t a i l ( H i c k l e y and Woodhead 

( 1 9 5 4 ) , Cahn ( 1 9 5 6 , 1 9 5 7 ) and Mehl and Kagel ( 1 9 5 6 ) ) and 

an i n s i g h t i n t o t h e mechanism can be gain e d by an i n s p e c t i o n 

o f t h e i r o n - c a r b o n p a r t i a l e q u i l i b r i u m diagram ( F i g u r e 

1 . 1 0 ) . 



F i g u r e 1.9 M e t a l l o g r a p h which r e v e a l s the f e r r i t e ( w h i t e ) 
and p e a r l i t e ( b l a c k ) g r a i n s i n t h e m i c r o s t r u c t u r e of a 
t y p i c a l p i p e s t e e l ( f u l l y k i l l e d ) . M a g n i f i c a t i o n i s 
200 t i m e s . 
(Photograph by c o u r t e s y o f Dr. C.L. Jones, ERS, 
K i l l i n g w o r t h ) . 
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T h i s diagram i s c o m p l i c a t e d by the a l l o t r o p y o f i r o n 
w h i c h can e x i s t i n f o u r forms known as a , P , y ^"^^ 6 
Of these t h e a , (3 and 6 forms are a l l body c e n t r e d cubic 
( b . c . c . ) w h i l e y i r o n has a f a c e c e n t r e d c u b i c s t r u c t u r e 
( f . c . c ) . The t r a n s i t i o n from a t o p i r o n occurs a t 
t h e C u r i e p o i n t ( 7 6 9 ° C ) and t h e P - Y ^^i^ Y - ^ t r a n s i t i o n s 
t a k e p l a c e a t 9 3 7 and 1 4 0 0 ° C r e s p e c t i v e l y . The b.c.c. 
forms are a l l r e f e r r e d t o as f e r r i t e and have o n l y 
s l i g h t s o l u b i l i t y f o r carbon (e.g. 0 . 0 0 6 7 o f o r a f e r r i t e 
a t room t e m p e r a t u r e ) whereas up t o 1 . 7 7 , o f carbon d i s s o l v e s 
i n 6 - i r o n t o form an i n t e r s t i t i a l s o l i d s o l u t i o n c a l l e d 
" A u s t e n i t e " . The complex diagram can, however, be 
d i v i d e d i n t o s e v e r a l more sim p l e diagrams: 

(a) P e r i t e c t i c t r a n s f o r m a t i o n CDB - 5 - i r o n t r a n s f o r m s 

t o a u s t e n i t e 

(b) E u t e c t i c a t E - a u s t e n i t e and 

c e m e n t i t e 

( c ) S o l i d s o l u t i o n D t o F - p r i m a r y d e n d r i t e s 

of a u s t e n i t e form 

(d) E u t e c t o i d p o i n t a t P - f o r m a t i o n o f p e a r l i t e 

I n o r d e r t o e x p l a i n t he observed m i c r o s t r u c t u r e o f 

p i p e s t e e l ( 0 . 1 - 0 . 2 7 o c a r b o n ) , c o n s i d e r t he f r e e z i n g 

o f such an a l l o y under slow c o o l i n g c o n d i t i o n s : -

D e n d r i t e s o f 5 i r o n form i n i t i a l l y whose c o m p o s i t i o n 

i s e v e n t u a l l y r e p r e s e n t e d by C ( 0 . 0 7 7 , carbon) and the 

l i q u i d , which i s s l i g h t l y e n r i c h e d i n carbon, by B. 

The m a j o r i t y o f t h e s o l i d c r y s t a l s t h e n r e a c t w i t h 

a l l t h e l i q u i d t o form a u s t e n i t e o f c o m p o s i t i o n D. 

On f u r t h e r c o o l i n g t he r e m a i n i n g 5 - i r o n t r a n s f o r m s 
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t o a u s t e n i t e w i t h t he simul t a n e o u s d i f f u s i o n o f carbon 
w i t h i n t h e a u s t e n i t e t o form an a u s t e n i t i c c o m p o s i t i o n 
i d e n t i c a l t o t h e o r i g i n a l m e l t . C o o l i n g proceeds w i t h 
t h e development o f an a u s t e n i t e g r a i n s t r u c t u r e u n t i l 
t h e f e r r i t e s o l u b i l i t y l i n e (AP) i s reached whereupon 
t h e p r e c i p i t a t i o n o f f e r r i t e begins w i t h t h e n u c l e a t i o n 
o f f e r r i t e g r a i n s a t the a u s t e n i t e g r a i n boundaries (Hume-
Ro t h e r y ( 1 9 6 6 ) ) . The r e m a i n i n g s o l i d s o l u t i o n i s e n r i c h e d 
i n c a r b o n , t h e r e f o r e , u n t i l t h e p o i n t P i s reached a t 
which c e m e n t i t e can a l s o be p r e c i p i t a t e d . The a l t e r n a t e 
p r e c i p i t a t i o n o f f e r r i t e and c e m e n t i t e occurs a t t h i s 
t e m p e r a t u r e (695^^0) and r e s u l t s i n the f o r m a t i o n o f l a m e l l a r 
p e a r l i t e . When a l l t he a u s t e n i t e has been t r a n s f o r m e d 
i n t h i s way, c o o l i n g proceeds and t h e t o t a l s t r u c t u r e 
c o n s i s t s o f masses o f p e a r l i t e ( p e a r l i t e g r a i n s ) embedded 
i n t h e f e r r i t e g r a i n s t r u c t u r e . 

1 . 3 ( i v ) The R o l l i n g Process 

A s i m i l a r , but r e v e r s e d , process takes p l a c e d u r i n g 

t h e subsequent r e h e a t i n g o f t h e s t e e l (see F i g u r e 1.11) 

which i s necessary p r i o r t o r o l l i n g the s t e e l i n g o t i n t o 

p l a t e o f the r e q u i r e d t h i c k n e s s . C o n v e n t i o n a l hot r o l l i n g 

o c c u r s i n t h e t e m p e r a t u r e range 1250 - 1050°C and the 

degree o f h o t work i n v o l v e d h e l p s i n h i b i t t h e growth 

o f t h e a u s t e n i t e g r a i n s which would o t h e r w i s e occur a t 

these e l e v a t e d t e m p e r a t u r e s . As a r e s u l t t h e f e r r i t e 

g r a i n s i z e b e f o r e and a f t e r t h e r o l l i n g process i s not 

d i s s i m i l a r . 

The d e f o r m a t i o n o f t h e p l a t e d u r i n g r o l l i n g a l s o 
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causes e l o n g a t i o n o f the f e r r i t e and p e a r l i t e g r a i n s 
a l o n g t h e r o l l i n g d i r e c t i o n e i t h e r d i r e c t l y or by the 
inducement o f p r e f e r e n t i a l g r a i n g r o w t h i n t h i s d i r e c t i o n 
(Hume-Rothery ( 1 9 6 6 ) ) . Such e f f e c t s have been observed 
i n p i p e s t e e l s (Szpunar and Tanner (1984)) as has the 
r e l a t e d phenomenon o f an a n i s o t r o p i c o r i e n t a t i o n d i s t r i b u t i o n 
f u n c t i o n o f t h e c r y s t a l l o g r a p h i c axes w i t h i n t he t o t a l 
assembly o f g r a i n s . The l a t t e r i s more u s u a l l y r e f e r r e d 
t o as t e x t u r e (Bunge ( 1 9 8 2 ) , Szpunar ( 1 9 8 4 ) ) . Both these 
e f f e c t s (and t h e i n e v i t a b l e presence o f i n t e r n a l s t r a i n 
w hich may a l s o be a n i s o t r o p i c ) g i v e r i s e t o a n i s o t r o p y 
i n t h e magnetic p r o p e r t i e s o f the s t e e l , and r e s u l t s 
are p r e s e n t e d i n Chapter 6 o f t h i s t h e s i s which i n d i c a t e 
such b e h a v i o u r i n p i p e s t e e l s . 

1.3(v) Other forms o f carbon s t e e l s 

The p a r t i a l e q u i l i b r i u m diagram p r e s e n t e d i n s e c t i o n 

1 . 3 ( i i i ) ( F i g u r e 1.10) i s o n l y v a l i d f o r slow c o o l i n g 

r a t e s and s e v e r a l d i f f e r e n t s t e e l s t r u c t u r e s can be formed 

by a r a p i d c o o l i n g (quenching) o f t h e m e l t (see F i g u r e s 

1 . 1 2 ( a ) , ( b ) ) . I t can be seen t h a t a r e l a t i v e l y slow 

quench r e s u l t s i n the f o r m a t i o n o f s o r b i t i c or t r o o s t i t i c 

p e a r l i t e . Both these forms o f s t e e l have been shown 

t o be p r o g r e s s i v e l y f i n e r p e a r l i t e s t r u c t u r e s (Hume-Rothery 

( 1 9 6 6 ) , Zener ( 1 9 4 6 ) ) which are b a r e l y r e s o l v a b l e under 

t h e o r d i n a r y microscope. T r o o s t i t i c p e a r l i t e , a l s o r e f e r r e d 

t o as B a i n i t e , c o n s i s t s o f nodules o f r a d i a l l a m e l l a e 

o f f e r r i t e and c e m e n t i t e and d i f f e r s f rom p e a r l i t e o n l y 

i n t h e degree o f f i n e n e s s and carbon c o n t e n t , which i s 
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the same as t h a t i n the a u s t e n i t e from which i t i s formed. 
A much more r a p i d quench r e s u l t s i n the f o r m a t i o n o f 
M a r t e n s i t e , t h e h a r d e s t s t r u c t u r e i n a g i v e n s t e e l , which 
i s seen as a n e e d l e - l i k e s t r u c t u r e under the microscope 
and has a body c e n t r e d t e t r a g o n a l c r y s t a l l o g r a p h i c s t r u c t u r e 
(Kurdjumow ( 1 9 6 0 ) , K e l l y and N u t t i n g ( 1 9 6 0 ) ) . A l l t h r e e 
forms o f s t e e l a re i n c r e a s i n g l y b r i t t l e and t h e i r presence 
i n p i p e s t e e l i s unwanted because t h e i r low d u c t i l i t y 
and toughness i n c r e a s e s t h e s u s c e p t i b i l i t y o f these s t e e l s 
t o c r a c k f o r m a t i o n and p r o p a g a t i o n . M a r t e n s i t e i s , i n 
f a c t , n o r m a l l y r e h e a t e d (tempered) t o a s u b - c r i t i c a l 
t e m p e r a t u r e a f t e r h a r d e n i n g t o t r a n s f o r m i t t o t r o o s t i t e 
o r s o r b i t e which have improved toughness (see F i g u r e 
1 . 1 2 ( b ) ) . These s t e e l s c o n s i s t o f f i n e d i s p e r s i o n s o f 
c a r b i d e i n a f e r r i t e m a t r i x and must n o t be confused 
w i t h t h e s o r b i t i c and t r o o s t i t i c p e a r l i t e s t e e l s o b t a i n e d 
from a u s t e n i t e . 

A u s t e n i t e i t s e l f can a l s o be formed a t room temperature 

by quenching, b u t i t i s always accompanied by m a r t e n s i t e 

and i s n o t s t a b l e . Large a d d i t i o n s ( -̂  1570) o f a l l o y i n g 

elements ( e . g . Cr, Mo, N i ) however, lower t he c r i t i c a l 

p o i n t s i n t h e phase diagram ( R o l l a s o n (1964)) and ensure 

s t a b i l i t y f o r t h i s s t e e l type a t room t e m p e r a t u r e . S t a i n ­

l e s s s t e e l s ( > 117, Cr) are sometimes used f o r the pro d ­

u c t i o n o f p i p e f i t t i n g s but t h e l a r g e c o s t o f the a l l o y i n g 

elements p r o h i b i t s t h e e x t e n s i v e use o f such s t e e l s i n 

p i p e - l i n e systems. 



- 21 -

1 . 3 ( v i ) Pipe Manufacture 

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

gas p i p e - l i n e s i s f a b r i c a t e d from r o l l e d p l a t e as l o n g ­

i t u d i n a l l y seam welded p i p e . The sequence o f o p e r a t i o n s 

r e q u i r e d f o r the manufacture o f t h i s p i p e type are shown 

i n F i g u r e 1.13 and are u s u a l l y r e f e r r e d t o as the U-ing 

and 0 - i n g method. 

The f i r s t o p e r a t i o n i s t o shear the p l a t e t o the 

c o r r e c t s i z e f o r t h e d i a m e t e r o f p i p e r e q u i r e d , machine 

the edges p a r a l l e l and c u t weld p r e p a r a t i o n s . The l o n g ­

i t u d i n a l edges are t h e n c r i m p e d , u s i n g a l a r g e p r e s s , 

t o p r o v i d e t h e c o r r e c t c u r v a t u r e i n the r e g i o n o f the 

weld and the crimped p l a t e i s f u r t h e r deformed i n t o a 

"U" shape and f i n a l l y i n t o a complete c i r c l e by a d d i t i o n a l 

presses and d i e s . The p i p e i s welded a l o n g the seam, 

c o m p l e t i n g t h e i n n e r weld f i r s t , a f t e r which a thorough 

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

p a r t i c l e i n s p e c t i o n t e c h n i q u e s . 

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

expanding t h e welded p i p e u s i n g a h i g h pressure water 

system u n t i l t he l i m i t s p r o v i d e d by e x t e r n a l r e t a i n i n g 

j a c k e t s are reached. The p r e s s u r e i s t h e n reduced and 

h e l d steady f o r a p e r i o d t o serve as a h y d r o s t a t i c t e s t 

f o r t h e weld. The a d d i t i o n a l advantage o f t h i s process, 

a p a r t from t e s t i n g t h e weld and a c h i e v i n g the s i z i n g , 

r o u n d i n g and s t r a i g h t e n i n g o f the p i p e , i s t h a t the degree 

o f c o l d work i n v o l v e d serves t o i n c r e a s e the mechanical 

p r o p e r t i e s o f the s t e e l . 



(a) 
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F i g u r e 1-13 I l l u s t r a t i o n o f the (a) c r i m p i n g , (b) U-ing, 
and CcT 0 - i n g processes i n v o l v e d i n p i p e manufacture. 
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The f i n a l process i n v o l v e s a c c u r a t e l y f i n i s h i n g 
t h e p i p e ends and m a c h ining the weld p r e p a r a t i o n s i n 
r e a d i n e s s f o r the g i r t h w e l d i n g t o be done i n the f i e l d . 

1 . 3 ( v i i ) S t e e l s used i n B r i t i s h Gas h i g h pressure 

t r a n s m i s s i o n p i p e - l i n e s 

Gas t r a n s m i s s i o n p i p e - l i n e s i n the B r i t i s h system 

o p e r a t e a t h i g h p r e s s u r e (up t o a maximum o f 70 bar 

(1000 p . s . i . ) ) and, i n o r d e r t o ensure the economic con­

s t r u c t i o n and s a f e o p e r a t i o n o f t h e system, i t i s e s s e n t i a l 

t h a t t h e p i p e m a t e r i a l has adequate s t r e n g t h , toughness 

and w e l d a b i l i t y . To t h i s end B r i t i s h Gas o n l y purchase 

m a t e r i a l which meets w e l l e s t a b l i s h e d s p e c i f i c a t i o n s 

(BGC/PS/LXl) c o v e r i n g a l l t h r e e areas (Jones 1 9 8 2 ) ) . 

Since t h e f i r s t B r i t i s h Gas p i p e - l i n e was c o n s t r u c t e d 

i n 1963 t h e r e has been a steady t r e n d towards i n c r e a s i n g 

t h e y i e l d s t r e n g t h o f t h e s t e e l s used. T h i s has been 

a d i r e c t r e s u l t o f t h e economic advantages t o be gained 

f r o m c o n s t r u c t i n g and o p e r a t i n g p i p e - l i n e s o f l a r g e r 

d i a m e t e r s as the q u a n t i t y of gas t o be t r a n s m i t t e d has 

i n c r e a s e d . The f i r s t t r a n s m i s s i o n p i p e - l i n e was 456 mm 

(18") d i a m e t e r w i t h a s p e c i f i c e d minimum y i e l d s t r e s s 

(MSYS-defined as t h e s t r e s s t o g i v e 0.57, t o t a l s t r a i n ) 

o f 240 MNm (35 k . s . i . ) , but t h e r e i s now a range of 

p i p e - l i n e s w i t h i n t h e system w i t h d i a m e t e r s o f up t o 

1067 mm ( 4 2 " ) . The s p e c i f i c a t i o n c u r r e n t l y s t i p u l a t e s 

a MSYS o f 414 MNm"^ (60 k . s . i . ) w i t h w a l l t h i c k n e s s « 19 mm 

a l t h o u g h o c c a s i o n a l l y p i p e of 448 MNm (65 k . s . i . ) y i e l d 

s t r e n g t h i s r e q u i r e d f o r c e r t a i n p r o j e c t s . 
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MSYS va l u e s o f t h i s o r d e r are r e q u i r e d t o cope 
w i t h hoop s t r e s s ( c i r c u m f e r e n t i a l ) i n t h e p i p e w a l l 
f o r t h e l a r g e s t d i a m e t e r p i p e s . I t i s e a s i l y shown 
t h a t 

0 -= ^ ( 1 . 1 2 ) 

2 t 

_ 2 

where (7= hoop s t r e s s (MNm ) 

P = o p e r a t i n g p r e s s u r e (MNm ) 

D = p i p e d i a m e t e r (m) 

t = w a l l t h i c k n e s s (m) 

and when the maximum s t r e s s l e v e l p e r m i t t e d i s 7 2 7 o o f 

the MSYS a v a l u e o f a= 4 1 4 MNm"̂  ( 6 0 k . s . i . ) i s r e q u i r e d 

f o r a 4 2 " ( 1 0 6 7 mm) di a m e t e r p i p e o f V ( 1 2 . 7 mm) w a l l 
_ 2 

t h i c k n e s s , o p e r a t i n g a t 7 MNm ( 1 k . s . i . ) . 

The c l a s s o f p i p e - s t e e l o r i g i n a l l y used i n the t r a n s ­

m i s s i o n system was s e m i - k i l l e d s t e e l . D i s s o l v e d oxygen 

i s removed from t he s t e e l i n t h e " k i l l i n g " process by 

c o n t r o l l e d a d d i t i o n s o f S i and Mn (see S e c t i o n 1 . 3 ( i i ) ) . 

I n s e m i - k i l l e d s t e e l s s u f f i c i e n t oxygen i s l e f t i n the 

m e l t f o r the gas e v o l u t i o n d u r i n g s o l i d i f i c a t i o n t o o f f s e t 

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

f o r a s e m i - k i l l e d s t e e l i s : 
C Mn S i S P Al V Nb 

0 . 2 0 % 0 . 9 % 0 . 0 3 % 0 . 0 4 % 0 . 0 3 % 

The l a r g e s t MSYS v a l u e o b t a i n e d w i t h these s t e e l s 

was 3 8 6 MNm ( 5 6 k . s . i . ) and a new s t e e l - m a k i n g process 

was nec e s s a r y , t h e r e f o r e , t o produce an improved m i c r o -

s t r u c t u r e f o r the l a r g e r d i a m e t e r p i p e s . 
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Fetch (1953, 1954) had showed e m p i r i c a l l y t h a t the 
y i e l d s t r e s s cr^ c o u l d be r e p r e s e n t e d by: 

= + Kd~^ (1.13) 

where 0"^ i s the l a t t i c e f r i c t i o n s t r e s s , 

d i s t h e f e r r i t e g r a i n s i z e 

and K i s a c o n s t a n t . 

E q u a t i o n (1.13) i n d i c a t e s t h a t , i n o r d e r t o i n c r e a s e 

the y i e l d s t r e n g t h , e i t h e r the smooth s l i d i n g o f the 

atom planes must be d i s t u r b e d ( i n c r e a s e cr^) o r the f e r r i t e 

g r a i n s i z e must be r e f i n e d ( o r b o t h ) . 

S l i p or p l a s t i c d e f o r m a t i o n occurs i n metal c r y s t a l s 

by a process whereby planes o f atoms s l i d e over one another 

under t h e a c t i o n o f an a p p l i e d s t r e s s . I n a l l o y systems 

such s l i p can be made more d i f f i c u l t by the replacement 

o f atoms o f one element by atoms o f a second element 

o f d i f f e r e n t s i z e . T h i s s u b s t i t u t i o n a l s o l i d s o l u t i o n 

i s , t h e r e f o r e , h a r d e r and the process d e s c r i b e d above 

i s known as " s o l i d s o l u t i o n h a r d e n i n g " . I n s t e e l s the 

elements used t o produce such h a r d e n i n g are n o r m a l l y 

manganese and s i l i c o n . These were o r i g i n a l l y added as 

d e o x i d a n t s (see above) but when added i n excess they 

produce an e x t r a i n c r e m e n t o f s t r e n g t h . 

A second means o f i n c r e a s i n g the l a t t i c e f r i c t i o n 

s t r e s s ( 0 " ^) i s t h e use o f s m a l l p a r t i c l e s (20 - 4 0 8 ) 

o f vanadium c a r b o n i t r i d e o r n i o b i u m c a r b i d e ( o r both) 

spread e v e n l y t h r o u g h o u t the l a t t i c e . These p r e c i p i t a t e s 

are v e r y h a r d and p r e v e n t l o c a l d i s t o r t i o n o f the a l l o y ' s 

l a t t i c e hence i n c r e a s i n g y i e l d s t r e n g t h . T h i s process 

i s c a l l e d " p r e c i p i t a t i o n h a r d e n i n g " . 
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The complete k i l l i n g of s t e e l by excess Mn and Si 
a d d i t i o n to produce a f u l l y - k i l l e d s t e e l now permits 
g r a i n refinement by small a d d i t i o n s of aluminium ( 0 . 0 4 7 o ) . 

I n the absence of oxygen, aluminium n i t r i d e p a r t i c l e s 
are formed d u r i n g the s o l i d i f i c a t i o n of the s t e e l or 
duri n g the subsequent normalizing treatment which prevent 
a u s t e n i t e g r a i n growth by pinning the au s t e n i t e g r a i n 
boundaries. The f i n e grained a u s t e n i t e transforms to 
a f i n e grained f e r r i t e and hence produces a st e e l of 
enhanced y i e l d s t r e n g t h which meets the MSYS requirement 
of 4 1 4 MNm . As a r e s u l t , a t y p i c a l s t e e l chemistry 
f o r a f u l l y - k i l l e d s t e e l i s : 
C Mn Si S P Al V Nb 

0 . 1 8 % 1 . 4 % 0 . 4 % 0 . 0 3 % 0 . 0 3 % 0 . 0 4 % 0 . 0 9 % 0 . 0 4 % 

(Note t h a t a s i l i c o n content > 0 . 1 7 o i n d i c a t e s a f u l l y -
k i l l e d s t e e l ) . 

Another reason f o r the development of a f u l l y - k i l l e d 
s t e e l was the i n t r o d u c t i o n of the Drop Weight Tear Test 
(DWTT) i n t o BGC/ PS'LXl, which assesses the materials 
toughness - i t s a b i l i t y t o t o l e r a t e defects (e.g. propagating 
b r i t t l e cracks) (Rodgerson and Jones ( 1 9 8 0 ) ) . The occurrence 
of a propagating b r i t t l e crack i n high pressure gas pipe­
l i n e s i s undesirable because the v e l o c i t y of the crack 
t i p i s o f t e n g reater than t h a t of the decompression wave, 
w i t h the r e s u l t t h a t the crack propagates f o r many miles. 
(An 8 mile long crack has been recorded i n the U.S.A.). 

A l l f e r r i t i c s t e e l s show a t r a n s i t i o n from b r i t t l e 
t o d u c t i l e behaviour w i t h i n c r e a s i n g temperature and 
the DWTT requirement s t i p u l a t e s t h a t t h i s t r a n s i t i o n 
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should be below 0°C. The t r a n s i t i o n temperature f o r 
s e m i - k i l l e d s t e e l s was found to be i n the range 10 -
30°C (Rodgerson and Jones (1980)) and does not, t h e r e f o r e , 
meet t h i s requirement. Consequently a l l s e m i - k i l l e d 
pipe i n B r i t i s h Gas systems i s operated w e l l below the 
MSYS (Fearnehough et a l . (1971)). 

The same f a c t o r s which were discussed above i n con­
n e c t i o n w i t h the r e l a t i o n between s t r u c t u r e and strength 
also a f f e c t the b r i t t l e / d u c t i l e t r a n s i t i o n temperature 
and hence the toughness. Unfortunately t h e i r e f f e c t 
on toughness i s not e n t i r e l y analogous. S o l u t i o n and 
p r e c i p i t a t i o n hardening increase y i e l d s t r e n g t h but are 
found t o r a i s e the t r a n s i t i o n temperature thus making 
the m a t e r i a l more b r i t t l e . I n c o n t r a s t to t h i s , however, 
a f i n e r g r a i n size increases y i e l d s t r e n g t h and reduces 
(improves) the d u c t i l e / b r i t t l e t r a n s i t i o n temperature. 
Hence a grea t e r emphasis i s placed on f e r r i t e g r a i n size 
refinement than s o l u t i o n or p r e c i p i t a t i o n hardening. 

F u l l y - k i l l e d s t e e l s have t r a n s i t i o n temperatures 
i n the range -50 to -10°C and i t appeared t h a t the use 
of these m a t e r i a l s would t o t a l l y e l i m i n a t e the p o s s i b i l i t y 
of f r a c t u r e propagation. Two long propagating f r a c t u r e s 
then occurred i n the U.S.A., however, i n which the f r a c t u r e 
appearance was f u l l y d u c t i l e . Extensive research i n t o 
t h i s problem revealed t h a t , although the f r a c t u r e s were 
d u c t i l e , i n s u f f i c i e n t energy was absorbed by the d u c t i l e 
f r a c t u r e to a r r e s t the crack. This r e s u l t e d i n the i n t r o ­
d u c t i o n of the Charpy upper s h e l f energy (USE) c r i t e r i o n 
i n t o p i p e - l i n e s s p e c i f i c a t i o n s (Rodgerson and Jones (1980), 
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Jones (1982) and Poynton et a l . (1974)). The higher 
Charpy USE value s t e e l s are selected, t h e r e f o r e , because 
they have lower d u c t i l e f r a c t u r e speeds. 

The m e t a l l u r g i c a l parameters important i n producing 
high values of Charpy USE are non-metallic i n c l u s i o n s , 
w i t h sulphur being the most d e l e t e r i o u s (see Section 
1 . 3 ( i ) ) . The sulphur i s present as MnS ( i f excess Mn 
has been added) which i s h i g h l y deformable and becomes 
considerably elongated during the r o l l i n g operations. 
The r e s u l t i n g ribbons of MnS represent planes of weakness 
i n the f i n a l product and are mainly responsible f o r low 
Charpy USE values. There are two remedies; (a) remove 
the sulphur i n the melt by adding calcium carbide, and/or 

(b) made the sulphides less deformable. 
This i s normally achieved by adding r a r e - e a r t h metals 

to the melt to form REM sulphides which have low r e l a t i v e 
d e f o r m a b i l i t y w i t h respect to the s t e e l m atrix. 

Steels present i n gas p i p e - l i n e s i n B r i t a i n before 
the Charpy USE c r i t e r i o n was added to the s p e c i f i c a t i o n 
have USE values t y p i c a l l y of ^30 j o u l e s , whereas modern 
p i p e - l i n e s s t e e l s have USE values between 100 and 200 
j o u l e s . 

The t h i r d requirement f o r good pipe s t e e l , apart 
from s t r e n g t h and toughness, i s w e l d a b i l i t y . This term 
r e f e r s to the ease by which i n d i v i d u a l pipes can be joined 
end-to-end i n the f i e l d (and i t s resistance to hydrogen 
induced c r a c k i n g ) . I t i s defined q u a n t i t a t i v e l y by a 
carbon equivalent (CE) given by 
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r.o, Mn% (Cr% + Mo% + V%) ( N i % + Cu%) 
6 5 15 

(1.14) 

A lower CE value r e s u l t s i n improved w e l d a b i l i t y 
and i t was considered desirable t o reduce the CE value 
from t h a t prevalent f o r f u l l y - k i l l e d s t e e l s . This was 
most e a s i l y achieved by a re d u c t i o n i n carbon l e v e l s , 
but i n order to maintain the s t r e n g t h of the s t e e l a 
simultaneous refinement of the f e r r i t e g r a i n size was 
required'. This was achieved by a c o n t i n u a t i o n of the 
r o l l i n g process down t o temperatures as low as 800°C 
( i . e . lower than the austenite / f e r r i t e t r a n s i t i o n 
temperature). This process, r e f e r r e d to as c o n t r o l l e d -
r o l l i n g , introduces c o n t r o l l e d deformation i n t o the s t e e l 
which "breaks down" the austenite grains g i v i n g a f i n e r 
s t r u c t u r e . This, combined w i t h the a d d i t i o n of niobium 
to provide e x t r a a u s t e n i t e g r a i n refinement (Meyer et 
a l . (1975)) permits the intense refinement of f e r r i t e 
g r a i n size and allows r e d u c t i o n i n the carbon l e v e l s 
r e q u i r e d to produce adequate s t r e n g t h . A t y p i c a l s t e e l 
chemistry of c o n t r o l l e d - r o l l e d s t e e l , t h e r e f o r e , would 
be 

C Mn Si S P Al V Nb 
0.10% 1.4% 0.3% 0.02% 0.03% 0.04% - 0.04% 
The m i c r o s t r u c t u r e s f o r a l l three s t e e l types (semi-

k i l l e d , f u l l y - k i l l e d and c o n t r o l l e d r o l l e d ) are compared 
i n Figure 1.14. Together they form the vast m a j o r i t y 
of p i p e - s t e e l t h a t c u r r e n t l y forms the B r i t i s h Gas high 



(a) 

(b) 

(c) 

Figure 
(aT semi-kil1ed, 

Comparison of the microstructures of t y p i c a l 
(b) f u l l y - k i l l e d , and (c) c o n t r o l l e d 

s t e e l s . M a g n i f i c a t i o n i s 200 times. 
Jones, ERS, 

r o l l e d pipe 
(Photograph by courtesy of Dr. C.L. 
K i l l i n g w o r t h ) . 
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pressure gas transmission p i p e - l i n e network and a l l 
the s t e e l s considered i n t h i s t h e s i s can be categorized 
i n t h i s way. 

1.4 ON-LINE NON-DESTRUCTIVE PIPE-LINE INSPECTION 

1. 4 ( i ) B r i t i s h Gas p i p e - l i n e i n s p e c t i o n philosophy 

B r i t a i n i s served by a n a t i o n a l network of high-
pressure gas transmission p i p e - l i n e s some 15,000 km long 
(see Figure 1.15) and^although the system has been con­
s t r u c t e d using m a t e r i a l s and techniques which meet the 
s t r i n g e n t requirements o u t l i n e d above,the i n e v i t a b i l i t y 
of subsequent defect occurrence has been recognized. 

To imply t h a t l i n e s become d e f e c t i v e does not det r a c t 
from the s t r u c t u r a l i n t e g r i t y of the p i p e - l i n e so long 
as some system i s a v a i l a b l e which permits e a r l y d e t e c t i o n 
and e r a d i c a t i o n of defects before they lead to f a i l u r e . 

I n the past t h i s has been achieved using a combination 
of p e r i o d i c but in f r e q u e n t h y d r o s t a t i c overload t e s t i n g 
and above ground s u r v e i l l a n c e techniques which i s both 
c o s t l y and inconvenient. I t i s c o s t l y because a d d i t i o n a l 
p i p e - l i n e s have to be provided t o maintain the supply 
to customers duri n g the t e s t , and inconvenient because 
the l i n e s have to be decommissioned, f i l l e d w i t h water, 
t e s t e d , d r i e d out and recommissioned. The advantage 
of such an oper a t i o n i s t h a t i t guarantees to remove 
a l l defects t h a t exceed the pressure t e s t l e v e l of s t r u c t u r a l 
s i g n i f i c a n c e , but the l o c a t i o n and r e p a i r of small defects 
i s o f t e n d i f f i c u l t . 
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Figure 1.15 The B r i t i s h Gas National Transmission System, 
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I n recent years B r i t i s h gas have developed an on­
l i n e i n s p e c t i o n v e h i c l e ( c a l l e d the " i n t e l l i g e n t PIG") 
at the On-line I n s p e c t i o n Centre (OLIO, Cramlington, 
Northumberland, which has overcome these drawbacks. 
The use of the PIG has permitted d e t e c t i o n of both s t r u c t u r a l l y 
s i g n i f i c a n t and i n s i g n i f i c a n t d e f e c t s , as w e l l as a l l o w i n g 
the defects subject t o growth mechanisms to be monitored 
by data comparison from consecutive i n s p e c t i o n s . Long 
lengths of p i p e - l i n e can be surveyed i n t h i s way without 
the i n t e r r u p t i o n of the supply and, as a r e s u l t , the 
l e v e l of s a f e t y t h a t can be maintained during the operational 
l i f e of the system has been g r e a t l y enhanced. 

1 . 4 ( i i ) Design aims of the PIG 

The development of the PIG followed the f i v e major 
requirements of an o n - l i n e i n s p e c t i o n v e h i c l e : 

(a) No i n t e r f e r e n c e w i t h p i p e - l i n e operation. 
(b) Detect a l l s i g n i f i c a n t d e f e c t s . 
(c) Determine defect size a c c u r a t e l y . 
(d) Determine defect p o s i t i o n accurately. 
(e) No spurious i n d i c a t i o n s . 
The f i r s t aim was met by choosing a gas-blown v e h i c l e , 

which f i t s i n s i d e the pipe, t o c a r r y the i n s p e c t i o n equip­
ment. The d r i v i n g force i s provided by the gas flow 
pushing against cups which seal.against the pipe w a l l . 
These cups have been designed to give PIG v e l o c i t i e s 
between 1 and 4 metres per second, to operate i n the 
pressure range 7 - 7 0 bar, and to "blow over" i f the 
d i f f e r e n t i a l pressure exceeds 3.5 bar. The l a t t e r f eature 
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enables s a t i s f a c t o r y gas flow to be maintained i n the 
u n l i k e l y event of v e h i c l e stoppage. 

The remaining requirements have been achieved by 
extensive research i n t o the s t r u c t u r a l s i g n i f i c a n c e of 
defects and the modelling and measurement of the response 
of the i n s p e c t i o n equipment when such defects are encountered 
i n the l a b o r a t o r y . The c r i t e r i o n of d e t e c t i o n s e n s i t i v i t y 
r e q u i r e d by B r i t i s h Gas f o r various defect types i s shown 
i n Table 1.1. When such defects are encountered during 
an i n s p e c t i o n run the response from the PIG sensors, which 
describe the d e f e c t , are recorded on magnetic tape together 
w i t h p o s i t i o n a l i n f o r m a t i o n which i s accurate to w i t h i n 
1.5m. The on-board i n t e l l i g e n c e r e q u ired t o provide 
the necessary s i g n a l processing before data storage i s 
one of the more s i g n i f i c a n t achievements i n the PIG design. 
Spurious i n d i c a t i o n s are removed duri n g the i n t e r p r e t a t i o n 
of i n s p e c t i o n data which takes place once the tape has 
been returned t o OLIC. 

1 . 4 ( i i i ) P r i n c i p l e s of defect d e t e c t i o n 

The p r i n c i p l e whereby the PIG locates and detects 
a l l p i p e - w a l l defects i s t h a t of magnetic f l u x leakage 
(F o r s t e r (1982)). Figure 1.16 i l l u s t r a t e s how metal 
loss at any p o i n t i n the p i p e - w a l l r e s u l t s i n the r e j e c t i o n 
of f l u x from the pipe m a t e r i a l i n t o the surrounding media 
which can be detected by a f i e l d measuring device placed 
on the inner pipe surface. The maximum e f f e c t i s obtained 
when the pipe m a t e r i a l i s magnetically saturated as the 
f l u x r e j e c t i o n from metal loss cannot be sustained by 



FEATURE DETECTION 
SENSITIVITY 

SIZING 
ACCURACY 

P i t t i n g c o r r o s i o n 0.4t - O.lt 
General c o r r o s i o n 0.2t - O.lt 
C i r c u m f e r e n t i a l gouging 0.4t - O.lt 
A x i a l gouging 0.2t - o . l t 
Repaired damage 0.2t - o . l t 
Depth of cracking 0.2t - o . l t 
Length of cracking 0.2D - 0.02D 

t = Nominal pipe w a l l thickness 
D = Nominal pipe diameter 

TABLE 1.1 
Minimum i n s p e c t i o n requirements f o r seam welded 

p i p e l i n e s operating at stress l e v e l s up to 
0.72 MSYS 
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Figure 1.16 

I l l u s t r a t i o n of the use of magnetic f l u x leakage to detect 
pipe w a l l thickness defects. 
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the remaining m a t e r i a l . 
The magnetizing f i e l d on the PIG i s provided by 

a x i a l arrays of permanent magnets which are held i n contact 
w i t h the inner surface of the p i p e - w a l l . Figure 1.17 
shows a schematic r e p r e s e n t a t i o n of the PIG and i n d i c a t e s 
the p o s i t i o n of one set of f i e l d measuring devices (e.g. 
search c o i l s ) between the n o r t h and south poles of the 
magnetic c i r c u i t . The s t a t i c f l u x diagram shown i n Figure 
1.16 i s not v a l i d once the PIG i s i n motion as the production 
of eddy currents around the circumference of the pipe 
causes s i g n i f i c a n t d i s t o r t i o n s to the f i e l d p r o f i l e , 
and the p o s i t i o n i n g of these sensors towards the rearward 
magnetic poles i s advantageous f o r the d e t e c t i o n of defects 
on both inner and outer surfaces of the p i p e - w a l l . Small 
defects on the inner pipe surface are not considered 
as harmful as corresponding defects on the outer surface 
because the environment i n s i d e the pipe i s r e l a t i v e l y 
f r e e from moisture and the r a p i d growth of a p i t due 
to c o r r o s i o n i s u n l i k e l y . This i s not the case f o r outer 
surface defects which are p o t e n t i a l l y hazardous i n com­
parison. The d i f f e r e n t i a t i o n between these types of 
defects i s , t h e r e f o r e , e s s e n t i a l . 

The second array of sensors, remote from the primary 
magnetic c i r c u i t , provides t h i s i n f o r m a t i o n by d e t e c t i n g 
inner defects only. Incorporated i n t o these detectors 
are small pieces of permanent magnet m a t e r i a l that provide 
a very l o c a l i z e d f l u x c oncentration i n the pipe m a t e r i a l . 
Consequently only defects/metal loss close to the sensor 
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Figure 1.17 

Schematic r e p r e s e n t a t i o n of the PIG v e h i c l e 
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cause s u f f i c i e n t f l u x d i s t o r t i o n t o r e s u l t i n d e t e c t i o n 
of the same. 

1.4(iv) The Magnetic Cat e g o r i z a t i o n of Pipe Steels 

I n order t o p r e d i c t accurately the behaviour of 
the PIG i n the various pipe s t e e l s encountered i n the 
B r i t i s h Gas network, the Physics group at OLIC model 
the magnetic c i r c u i t using f i n i t e element packages (PE2D 
and TOSCA) which r e q u i r e d e t a i l e d knowledge of the i n i t i a l 
m agnetization c h a r a c t e r i s t i c s of the i n d i v i d u a l s t e e l s . 
U n t i l r e c e n t l y such i n f o r m a t i o n was not a v a i l a b l e and 
a c o l l a b o r a t i v e p r o j e c t was devised between the Physics 
group at OLIC and a research team i n the S o l i d State 
Group, Department of Physics, U n i v e r s i t y of Durham, to 
i n v e s t i g a t e the magnetic p r o p e r t i e s of these materials 
i n d e t a i l . 

The p r o j e c t involved the c a t e g o r i z a t i o n of the magnetic 
p r o p e r t i e s , chemistry, metallography, mechanical p r o p e r t i e s , 
t e x t u r e and domain s t r u c t u r e of the many pipe-steels 
known t o e x i s t i n the network. Some of these areas were 
stu d i e d i n g r e a t e r d e t a i l i n order to gain an understanding 
of the p h y s i c a l processes g i v i n g r i s e t o the behavioural 
p r o p e r t i e s . These w i l l be r e f e r r e d t o , where r e l e v a n t , 
l a t e r i n t h i s t h e s i s . The work presented l a t e r deals 
s p e c i f i c a l l y w i t h the magnetic c a t e g o r i z a t i o n of both 
bulk and small s t e e l samples, and the development and 
use of models t o achieve the accurate parameterization 
and p r e d i c t i o n of the magnetization curves. The r e s u l t s 
obtained are of d i r e c t relevance t o the modelling of 
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V a r i a t i o n of s i g n a l detected by PIG f o r same defect i n 

d i f f e r e n t pipe m a t e r i a l s . 
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the PIG'S behaviour i n the various p i p e - s t e e l s . 

The manner by which v a r i a t i o n s i n the magnetic 
p r o p e r t i e s of s t e e l s a f f e c t the output from the PIG's 
sensors i s most r e a d i l y understood by r e f e r r i n g to Figure 
1.18. The d i s t o r t i o n of the f l u x by i d e n t i c a l defects 
i n d i f f e r e n t s t e e l s i s the same, but the signals measured 
at the surface of the pipe s t e e l are p r o p o r t i o n a l to 
the e f f e c t i v e changes i n the f i e l d and depend, t h e r e f o r e , 
on the shape of the s t e e l ' s magnetization curve. By 
r e f e r r i n g t o t h i s f i g u r e i t i s easy t o see t h a t the l a r g e s t 
s i g n a l s are recorded f o r s t e e l s approaching s a t u r a t i o n . 
A knowledge of the magnetic p r o p e r t i e s of the various 
p i p e - s t e e l s , t h e r e f o r e , enables OLIC to p r e d i c t the range 
of s i g n a l s generated by the PIG. With t h i s i n f o r m a t i o n 
i t i s possible to minimize t h i s v a r i a b i l i t y by c a r e f u l 
PIG design, and so enhance the accuracy and r e l i a b i l i t y 
of the o n - l i n e i n s p e c t i o n service. 
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CHAPTER 

HARMONIC ANALYSIS OF B-H LOOPS - THEORY 

2.1 I n t r o d u c t i o n 

For many years now attempts have been made to f i t 
equations t o the magnetization curve of a ferromagnetic 
m a t e r i a l w i t h a view to using the equation i n mathematical 
models of transformer c a l c u l a t i o n s , the s o l u t i o n of eddy 
c u r r e n t generation problems and the theory of magneto-
modulation probes ( T r u t t et a l . (1968), Widger (1969), 
Wurm(1949), and M i k h a i l o v s k i i and Spektor (1957)). Non­
l i n e a r magnetizing c h a r a c t e r i s t i c s , n e g l e c t i n g h y s t e r e s i s , 
have been represented by a series of exponentials (MacFadyen 
et a l . (1973)), polynomials (Widger (1969)) or a n a l y t i c 
f u n c t i o n s (Lim and Hammond (1970)). The i n c l u s i o n of 
hy s t e r e s i s i n such c h a r a c t e r i s t i c s has been described 
by complex p e r m e a b i l i t y (O'Kelly (1972), (1975a,b), (1977)), 
t r a p e z o i d a l loops (Atkinson and Thomas (1975)) and a n a l y t i c 
f u n c t i o n s ( S h t u r k i n and Stoinskaya (1969)). Each p a r t i c u l a r 
form f o r the magnetization curve can have advantages 
and disadvantages over other forms depending on the shape 
of the material's c h a r a c t e r i s t i c and the ease of computation, 
but w i t h the f a s t computing f a c i l i t i e s now a v a i l a b l e 
i n c r e a s i n g use i s being made of m u l t i p o i n t representations 
of a measured f a m i l y of B-H loops, which permits e x t r a ­
p o l a t i o n f o r any intermediate values (Zahrewski and 
Pie t r a s (1971)). A disadvantage of a l l these models 
i s the i n a b i l i t y d i r e c t l y to determine the required 
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parameters experimentally without recourse to computational 
curve f i t t i n g techniques on pre-recorded data. An exception 
to t h i s , however, i s the use of a Fourier series to rep­
resent the B-H loop (Davis (1971)). 

The r e p r e s e n t a t i o n of the d i s t o r t i o n t o the applied 
f i e l d waveform, caused by the non-linear magnetization 
curve of the core m a t e r i a l , by a Fourier series i s a 
n a t u r a l consequence of studies i n t o the behaviour of 
transformer cores and magneto-modulation probes. I t 
i s w e l l known t h a t f l u x harmonics are always present 
i n i n d i v i d u a l transformer laminations, f o r example, even 
though the t o t a l f l u x waveform i n the core i s maintained 
as a pure s i n u s o i d a l f u n c t i o n by feedback techniques 
( W i l k i n s and Drake (1965), McFarlane and Ha r r i s (1958)). 
Such e f f e c t s are found t o be greatest i n the corner regions 
( B r a i l s f o r d and Mazza (1962), Moses and Thomas (1973)) 
where the 3rd and higher odd order harmonics form stream­
l i n e s of flo w i n closed c i r c u l a r paths. The increased 
eddy-current loss i n these areas ( c l a s s i c a l l y p r o p o r t i o n a l 

to I f B ) due to the increased harmonic presence max ^ 
has, t h e r e f o r e , been suggested as a mechanism f o r the 
anomalous loss i n transformer cores (Basak and Moses 
(1978)). 

Extensive use of the presence of f l u x harmonics 
has also been made i n the operation of magneto-modulation 
probes or ferroprobes ( S h t u r k i n and Stoinskaya (1969), 
Fridman et a l . (1971), M i k h a i l o v s k i i and Spektor (1957)). 
The existence of a d.c. magnetic f i e l d i n the v i c i n i t y 
of such devices produces even order harmonics i n the 
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output voltage whose amplitude has been shown to be 
a measure of t h i s steady s t a t e f i e l d f o r various d r i v e 
f i e l d c o n d i t i o n s and m a t e r i a l c h a r a c t e r i s t i c s (Rogachevskii 
and Shtamberger (1967), Ponomarev (1970)). These probes, 
t h e r e f o r e , have a p p l i c a t i o n s i n the non-destructive t e s t i n g 
of magnetized ferromagnetic parts and are used, f o r example, 
to detect and measure the s t r a y f i e l d s a r i s i n g from defects 
i n the s t r u c t u r e . 

The use of a Fourier series to represent the i n d u c t i o n 
( f l u x ) waveform of a ferromagnetic t e s t m a t e r i a l under 
a l t e r n a t i n g a p plied f i e l d c o n d itions during non-destructive 
t e s t i n g was f i r s t suggested and demonstrated by Davis 
(1971). He s t a t e d t h a t a study of the harmonic c o e f f i c i e n t s 
p e r m i t t e d the e x t r a c t i o n of more i n f o r m a t i o n from the 
B-H loop than i s contained simply i n the "crossing-point" 
parameters. The c o e r c i v i t y (H^) and the remanence (B^) 
do not, f o r example, hold any r e p r e s e n t a t i o n of the curv­
ature of the "knee" of the magnetization curve which, 
f o r some m a t e r i a l s , can a l t e r s i g n i f i c a n t l y while the 
c r o s s i n g - p o i n t parameters are r e l a t i v e l y unaffected. 
The waveform analyser b u i l t to record the harmonic ampli­
tudes and phases e s s e n t i a l l y consisted of narrow band­
pass f i l t e r s and Davis described the use of t h i s instrument 
to monitor the heat treatment of s t e e l p l a t e more e f f e c t i v e l y 
than the conventional methods. Since then there have 
been several r e p o r t s i n the l i t e r a t u r e of the use of 
harmonic analysis i n non-destructive t e s t i n g (Sandovskii 
and Syrochkin (1971), Soulant and Brisker (1972), Davis 
(1973), F r a n k f u r t et a l . (1981), Mapps and White (1982)). 
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While these and other a p p l i c a t i o n s of the technique 
w i l l i n v o l v e the r e p e t i t i v e examination of nominally 
i d e n t i c a l m a t e r i a l s under equivalent magnetizing f i e l d s , 
i t i s important t o e s t a b l i s h the s e n s i t i y i t y of the various 
parameters t o changes i n the experimental c o n d i t i o n s . 
I n p a r t i c u l a r , changes i n the degree of s a t u r a t i o n of 
the magnetization w i l l produce 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 harmonic content of the B-H loop. U n t i l the recent 
independent papers of Willcock and Tanner (1983) and 
Ponomarev (1983b,c,d) no d e t a i l e d analysis of the con­
t r i b u t i o n s of the various harmonics t o the loop shape 
had been presented, nor had there been any consideration 
of s a t u r a t i o n e f f e c t s . The r e s u l t s of both a n a l y t i c a l 
and numerical c a l c u l a t i o n s on the s e n s i t i v i t y of various 
harmonics t o loop shape are presented here and the most 
r e l i a b l e harmonics to use i n such analyses are i d e n t i f i e d . 

2.2 The E f f e c t of S a t u r a t i o n on Harmonic Content 

The onset of s a t u r a t i o n i n a m a t e r i a l w i l l have 
a marked e f f e c t on the harmonic content of the i n d u c t i o n 
waveform. Once the maximum amplitude of the applied 
f i e l d (H^) i s large enough to achieve s a t u r a t i o n , any 
f u r t h e r increase i n the amplitude of t h i s d r i v i n g f i e l d 
w i l l only a f f e c t the form of the i n d u c t i o n wave. As 
HQ increases, longer periods of time w i l l be spent at 
s a t u r a t i o n and, i n the l i m i t H^ tends t o i n f i n i t y , the 
i n d u c t i o n waveform w i l l be a square wave. I n order to 
p r e d i c t and study the e f f e c t on the harmonic amplitudes 
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of such s a t u r a t i o n e f f e c t s , t h e r e f o r e , i t was necessary 
to d e r i v e a n a l y t i c a l expressions f o r the harmonic content 
of model magnetization curves. 

Previous harmonic analysis work, i n - t h e various 
f i e l d s described above, has been done using s i n u s o i d a l l y 
v a r y i n g a p p l i e d f i e l d s . I n such cases the harmonic content 
of the i n d u c t i o n waveform i s due e n t i r e l y to the magnetic 
behaviour of the t e s t m a t e r i a l and the magnitude and 
phase of the various harmonics are, t h e r e f o r e , a d i r e c t 
measure of the magnetic p r o p e r t i e s of the m a t e r i a l . 

The ,use of a ramped applied f i e l d ( t r i a n g u l a r waveform) 
i s less common and i t implies t h a t not a l l the harmonic 
content of the i n d u c t i o n waveform i s caused by the m a t e r i a l 
p r o p e r t i e s . Indeed, i n the l i m i t of a constant s u s c e p t i b i l i t y 
the harmonic content would be t h a t of a t r i a n g u l a r wave. 
I t has been suggested (Ponomarev (1983c)) t h a t i f the 
f u n c t i o n H ( t ) i s w e l l defined the harmonic content from 
t h i s f u n c t i o n can be subtracted from the t o t a l harmonic 
content of the i n d u c t i o n wave B ( t ) to reveal the m a t e r i a l 
r e l a t e d harmonic content a r i s i n g from the magnetization 
waveform M(t) (see equation ( 2 . 1 ) ) . 

B ( t ) = |1Q [ H ( t ) + M(t)] (2.1) 

Although such a c o r r e c t i o n i s o f t e n u s e f u l , i t must be 
point e d out here t h a t i t i s only c o r r e c t to f i r s t order 
as each component frequency present i n the applied f i e l d 
waveform w i l l generate i t s own harmonic series based 
on t h a t frequency. Without such a c o r r e c t i o n the d i r e c t 
comparison of analysis r e s u l t s obtained under l i n e a r l y 
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ramped f i e l d c o n d i t i o n s i s , however, s t i l l meaningful 
and, as the t r i a n g u l a r wavefunction permits a n a l y t i c a l 
s o l u t i o n s f o r the harmonic content w i t h separable v a r i a b l e s , 
t h i s approach has been adopted here. 

2 . 2 ( i ) A n a l y t i c a l model f o r zero c o e r c i v i t y 

While i t i s impossible a c c u r a t e l y t o express a B-
H loop f o r a r e a l m a t e r i a l as a simple f u n c t i o n (see 
s e c t i o n 2.1), a somewhat i d e a l i z e d magnetization curve 
has been adopted here i n order to derive a n a l y t i c a l ex­
pressions f o r the harmonic content. The curve consists 
of three parts and i s sometimes r e f e r r e d to as the piecewise 
l i n e a r approximation (Ponomarev (1983b,c,d)). As seen 
i n Figure 2.1(a) the magnetization M v a r i e s l i n e a r l y 
w i t h H f o r -H ^ H ^ H and i s constant f o r H H « H 
and - H^ « H « * '̂ ^̂  magnetization curve has no 
h y s t e r e s i s ( i . e . the c o e r c i v i t y i s taken as zero) and 
the p e r m e a b i l i t y i s assumed to be very high and therefore 
t h a t B \i^M. A l t e r n a t i v e l y the c o r r e c t i o n proposed 
by Ponomarev can be a p p l i e d , i n which case the subsequent 
ana l y s i s s t i l l a pplies but the i n d u c t i o n wave B(t) i s 
replaced throughout by the magnetization wave M ( t ) . 

Under these approximations and a l i n e a r l y ramped 
H f i e l d (Figure 2 . 1 ( b ) ) , the i n d u c t i o n wave varies as 
shown i n Figure 2.1(c). I t has the form of a truncated 
t r i a n g u l a r wave described by 



Figure 2.1 (a) Magnetization curve f o r zero c o e r c i v i t y 
model. VE) T r i a n g u l a r waveform of l i n e a r l y ramped applied 
f i e l d . (c) Flux wave f o r zero c o e r c i v i t y model. 
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B ( t ) = at 
= a ( i - T ) 

4 
= a ( - - t ) 

2 
= - a d -T 

4 
= - a(T t ) 

0 ^ t ^ - - I ) 
T T 
± - X < t < - + X } 

1 + X < t < — - T ) 

4 

4 
3T ^ ^ ^ ^ 3T ^ ̂  

- X ^ t $ + X ) 

4 4 
— +x < t ^ T) 

(2.2) 

where T i s the time period of the f l u x wave, 2x i s the 
time spent at s a t u r a t i o n each h a l f c y c l e , and "a" i s 
the g r a d i e n t of the curve away from s a t u r a t i o n . 

V a r i a t i o n of the parameter X reproduces the e f f e c t 
on the i n d u c t i o n wave caused by changing the maximum 
amplitude of the d r i v i n g f i e l d , and as x i s a l t e r e d the 
parameter "a" must also change i n order to ensure the 
same value of s a t u r a t i o n i n d u c t i o n B̂  (or magnetization 
M^). 

Following Davis, the i n d u c t i o n wave i s expanded 
as a Fourier series 

B ( t ) = B „ _ I max 
n=l 

A sin(ncjjt + d) n n (2.3) 

where Â^ are the harmonic amplitudes and (|)̂  are the phase 
angles w i t h respect t o the applied f i e l d . This expansion 
i s i d e n t i c a l to 

CD 
B ( t ) = B I (a„ cosnciJt + b„ s i n nu)t) (2.4) max 1 n n n=l 

2 2 2 a 
where A^ = ^n *̂ ^̂ '/'n " ^^b * 

Standard Fourier analysis theoiy (Pain (1976)) gives 
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T 
a„ = - / B ( t ) cos ( 2 T i n t / T ) d t n T / 

T 

(2.5) 

; / b^ = - / B ( t ) s i n ( 2 T i n t / T ) d t 

o 

where T = — , the period of the waveform. 

S u b s t i t u t i o n of equations (2.2) i n t o (2.5) y i e l d s , 
a f t e r much manipulation, the f o l l o w i n g expressions f o r 

a„ and b„: n n 

a = 0 f o r a l l n (2.6) 
n 

b^ = 0 f o r even n (2.7) 
b" = 8 a / _ I _ \ 2 cos f ^ , odd n (2.8) 

Thus f o r the waveform of Figure 2.1(c) a l l cosine terms 
and a l l even powered harmonics of the sine terms are 
absent, as i s the case f o r any symmetrical r e p e t i t i v e 
waveform. I t must be noted t h a t t h i s absence of even 
powered harmonics was found experimentally i n the harmonic 
an a l y s i s of sheet s t e e l s reported by Davis (1971). Also 
of note i s t h a t i n the l i m i t x = 0 and a = (2.8) 
reduces to 

b^ = - J - (-1) ^ (2.9) 
n Ti 

the well-known 
Fo u r i e r c o e f f i c i e n t s f o r a t r i a n g u l a r wave of u n i t amplitude 
and 45° slope. 
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The changes i n the odd harmonic amplitudes b^ as 
a f u n c t i o n of x , but constant B , are shown i n Figure 
2.2. Increasing X corresponds t o i n c r e a s i n g H^^^ and 
hence d r i v i n g the m a t e r i a l f u r t h e r and f u r t h e r i n t o 
s a t u r a t i o n . Figure 2.2 demonstrates t h a t the t h i r d harmonic 
amplitude shows very l i t t l e change when the sample i s 
d r i v e n i n t o s a t u r a t i o n f o r up to 10 percent of the cycle. 
The higher harmonics are much more s e n s i t i v e and care 
must be taken t o ensure i d e n t i c a l d r i v i n g f i e l d conditions 
i f they are t o be used f o r B-H loop c h a r a c t e r i z a t i o n . 
The 5 t h , 7th and 9th harmonics are i n s e n s i t i v e to s a t u r a t i o n 
e f f e c t s only up t o 7 percent, 5 percent, and 2 percent 
of the cycle r e s p e c t i v e l y . Thus f o r monitoring changes 
i n the m a t e r i a l introduced by e x t e r n a l treatment, the 
3rd harmonic i s the most r e l i a b l e parameter to monitor. 

The existence of o s c i l l a t i o n s about zero i n the 
higher order harmonic amplitudes has been observed e x p e r i ­
mentally and also considered a n a l y t i c a l l y by Ponomarev 
(1983a,b). The o s c i l l a t i o n s shown here (Figure 2.2) 
to be a consequence of increasing the parameter x are 
e q u i v a l e n t l y explained by Ponomarev as the r e s u l t of 
a " L a t i t u d i n a l Mechanism". This term r e l a t e s to the 
change i n w i d t h , as a f u n c t i o n of d r i v e f i e l d , of the 
e.m.f. pulse induced i n the search c o i l ( s ) used to measure 
the m a t e r i a l ' s f l u x . Ponomarev also considers a "Time 
Mechanism" as the reason f o r the appearance of o s c i l l a t i o n s , 
p a r t i c u l a r l y i n the even order harmonics, as a f u n c t i o n 
of i n c r e a s i n g d.c. f i e l d (not considered here). Here 
i t i s the r e l a t i v e time s h i f t s of the e.m.f. pulses 
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Figure 2.2 Predicted behaviour of odd powered harmonic 
amplitudes as amplitude of the applied f i e l d i s increased. 
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r e s u l t i n g from the now asymmetric f l u x waveform which 
cause the o s c i l l a t i o n s to be present. 

2 . 2 ( i i ) A n a l y t i c a l model f o r non zero c o e r c i v i t y 

The use of an i d e a l i z e d B-H loop such as shown i n 
Figure 2.1(a) implies t h a t the B ( t ) waveform i s necessarily 
an odd f u n c t i o n ( i f time zero i s defined by H = 0 at . 
t = 0 ) . The step to a non-zero width loop, such as shown 
i n Figure 2.3(a), r e s u l t s i n a s i m i l a r B ( t ) waveform, 
but displaced w i t h respect to the time o r i g i n . This 
introduces cosine terms i n t o the expressions f o r the 
Fourier components. 

Under c o n d i t i o n s of a l i n e a r l y ramped f i e l d , the 
f l u x wave B ( t ) i s as shown i n Figure 2.3(c). E x p l i c i t l y 
t h i s i s described as: 

B ( t ) a ( t - 5 ) 

B ( t ) = a ( - - T' -6) 
4 

B ( t ) = a ( - + 5 - t ) 
2 

B ( t ) =-a(- - T' - 5) 
4 

B ( t ) = - a(T - t + 6) 

0 ^ t ̂  i - I ' ) 
4 

_ I ' ̂  t < 1 + f + 25) 
4 

3T + i ' + 2 5 < t ^ ^ - x ' ) 
^ 4 (2.10) 
3T "̂T 

T ' ^ t ^ + X ' + 25) 
4 4 
— + I ' + 25 < t ̂  T) 

where T i s the time period of the f l u x wave, 2 i i s the 
time spent at s a t u r a t i o n each h a l f - c y c l e , 5 i s a d i r e c t 
measure of the c o e r c i v i t y , "a" i s the gradient of the 
curve away from s a t u r a t i o n , and i' = T -5 . 

S u b s t i t u t i o n i n t o (2.5) y i e l d s 
= 0 (2.11 

n 
'n 0 (2.12) 



(a: 

X ' x'+25 

+ x'+25 

Figure 2.3 (a) Magnetization curve f o r nonzero c o e r c i v i t y 
model. rE) T r i a n g u l a r waveform of l i n e a r l y ramped applied 
f i e l d . (c) Flux wave f o r nonzero c o e r c i v i t y model. 
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f o r a l l even n and 
'n-1 

2 ( ¥ ) 
= _ 8 i (^_JL^ ( - 1 ) cos ( ^ ) s i n ( (2.13) 

= 8a / _ L ^ ^ _ l ) ^ 2 /2TtnXN /2Tin5N ( ^ . 1 4 ) 
T \2Ti:n/ \ T / V T / 

f o r a l l odd n. 
I n s p e c t i o n of equations ( 2 . 1 3 ) and ( 2 . 1 4 ) immediately 

reveals t h a t f o r 5 = 0 equation ( 2 . 1 3 ) reduces to (2.6) 
and ( 2 . 1 4 ) reduces to ( 2 . 8 ) . There i s , t h e r e f o r e , consistency 
between the two models. For small values of n5, i t i s 
seen i n p a r t i c u l a r t h a t a^ i s p r o p o r t i o n a l to 5, t h a t 
i s the c o e r c i v i t y , and b^ i s independent of 5 to f i r s t 

order. 
I n Figure 2 . 4 the v a r i a t i o n i n both even (cosine) 

and odd ( s i n e ) terms f o r the odd ordered harmonics i s 
shown as a f u n c t i o n of c o e r c i v i t y f o r various values 
of d r i v e f i e l d , but keeping B^ constant. Figure 2 . 4 

demonstrates the r e l a t i v e i n s e n s i t i v i t y of the 1st and 
3rd odd harmonic amplitudes to changes i n c o e r c i v i t y 
of up to 107o of H^gx' also shows the near l i n e a r 
r e l a t i o n s h i p between the 1st and 3rd even harmonic amplitudes 
and the c o e r c i v i t y (H^) i n t h i s r e gion. These observations 
are p a r t i c u l a r l y t r u e f o r the smaller d r i v e f i e l d s (smaller 
values of X ) which are a more r e a l i s t i c r e p r e s e n t a t i o n 
of the d r i v e f i e l d s used i n many experimental s i t u a t i o n s . 
Note, f o r example, t h a t w i t h a value of x equal to 0.25 
X T / 4 the t e s t m a t e r i a l w i l l spend one quarter of the 
cycle time p e r i o d at s a t u r a t i o n , a f r a c t i o n r a r e l y exceeded 
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Figure 2.4 Predicted behaviour of even and odd terms f o r 
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the curves cut the y a x i s . 
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i n p r a c t i c a l non-destructive t e s t i n g a p p l i c a t i o n s . 
I n a d d i t i o n , i t i s noted t h a t the behaviour of the 

1st even harmonic amplitude w i t h c o e r c i v i t y i s l a r g e l y 
u naffected by changes i n the d r i v i n g f i e l d , a l l the curves 
having approximately the same g r a d i e n t . This harmonic 
amplitude i s , t h e r e f o r e , the most r e l i a b l e parameter 
to study when monitoring changes i n the c o e r c i v i t y of 
a m a t e r i a l . 

I n order to a s c e r t a i n the a f f e c t s on the harmonic 
amplitudes of changes i n the remanence i n d u c t i o n B^, 
the same i n f o r m a t i o n needs to be presented i n a d i f f e r e n t 
form. Figure 2.5 shows tha t f o r a f i x e d value of coercive 
f i e l d an increase i n the d r i v i n g f i e l d r e s u l t s i n corres­
ponding increases i n both the gradient of the i n c l i n e d 
region of the piecewise l i n e a r approximation and the 
value of B^. By p l o t t i n g the various harmonic amplitudes 
as a f u n c t i o n of x f o r various values of 6 , t h e r e f o r e , 
the a f f e c t s of a changing remanence i n d u c t i o n can be 
assessed (see Figure 2.6). I t can be seen t h a t f o r small 
values of X (and 6 ) , the co n d i t i o n s normally prevalent 
f o r very s o f t magnetic m a t e r i a l s (e.g. Mumetal*and high 
p u r i t y i r o n ) , there i s a near l i n e a r r e l a t i o n s h i p between 
the 1st odd harmonic and x i n t h i s region. The even har­
monics and higher order odd harmonics are seen to be 
l a r g e l y independent of X but, as noted i n section 2 . 2 ( i ) , 
the l i m i t t o which such invariance extends decreases 
w i t h i n c r e a s i n g order. Under these c o n d i t i o n s , t h e r e f o r e , 
the r e s u l t s suggest t h a t changes i n the main loop shape, 

Telcon Metals, Crawley. 



F i g u r e 2.5 I l l u s t r a t i o n o f d i r e c t r e l a t i o n between 
and maximum d i f f e r e n t i a l p e r m e a b i l i t y f o r a f i x e d v a l u e 
o f c o e r c i v e f i e l d . 
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t h a t i s i n t h e g r a d i e n t o f the i n c l i n e d r e g i o n i n the 
p i e c e w i s e l i n e a r a p p r o x i m a t i o n , are r e f l e c t e d by p r o p o r t i o n a l 
changes i n t h e a m p l i t u d e o f t h e 1 s t odd harmonic, and 
any v a r i a t i o n s i n the v a l u e o f remanence i n d u c t i o n 
are then b e s t s t u d i e d u s i n g t h i s parameter. 

For t h e s t u d y o f h a r d e r magnetic m a t e r i a l s (e.g. 

p i p e - s t e e l s and, i n t h e l i m i t , permanent magnet and magnetic 

tape m a t e r i a l s ) t h e v a l u e s o f X and 6 are i n c r e a s e d i n 

o r d e r t o b e s t r e p r e s e n t t h e m a g n e t i z a t i o n c u r v e s . For 

these c o n d i t i o n s o f l a r g e X i t can be seen t h a t b o t h 

1 s t odd and 1 s t even harmonics are l a r g e l y independent 

o f X w h i l e t h e h i g h e r o r d e r harmonics show r e g i o n s o f 

l i n e a r b e h a v i o u r w i t h X depending on t h e v a l u e o f x p r e v a l e n t 

f o r the p a r t i c u l a r m a t e r i a l . The i n t e r p r e t a t i o n o f 

t h e b e h a v i o u r o f the harmonic a m p l i t u d e s from such m a t e r i a l s ^ 

w h i l e more complex, i s , t h e r e f o r e , s t i l l p o s s i b l e . 

A p a r t i c u l a r example of t h i s i s the form o f a major 

m a g n e t i z a t i o n curve o f p i p e - s t e e l s as determined by 

a c o n v e n t i o n a l yoke permeameter. F i g u r e 2.7 shows such 

a B-H l o o p f o r a t y p i c a l p i p e - s t e e l and r e v e a l s t h a t , 

w h i l e i t can be approximated by a s m a l l v a l u e o f 6 

( ~ 0.15) t h e v a l u e o f x which produces the best f i t 

i s i n the r e g i o n o f 0.8. By r e f e r r i n g t o the p l o t s 

o f F i g u r e 2.6 i t can be seen t h a t the harmonic ampl i t u d e s 

w h i c h show t h e g r e a t e s t change f o r such v a l u e s of X 

are t h e 5 t h and 7 t h power harmonics. Indeed, when the 

v a l u e o f t h e parameter 5 i s a l s o c o n s i d e r e d i t i s c l e a r 

t h a t t h e even o r d e r harmonic terms have a g r e a t e r a m p l i t u d e 

t h a n t h e odd o r d e r harmonics f o r t h e s e p a r t i c u l a r powers 
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F i g u r e 2.6 P r e d i c t e d b e h a v iour o f even and odd terms f o r 
odd powered harmonics as d r i v i n g f i e l d i s i n c r e a s e d . 
S e r i e s o f curves shown on each graph correspond t o the 
v a r i o u s v a l u e s o f c o e r c i v i t y which are l i s t e d i n the o r d e r 
i n which t he curves c u t l i n e x = ̂ /4. 
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F i g u r e 2.7 F u l l m a g n e t i z a t i o n l o o p f o r a t y p i c a l p i p e 
s t e e l (OLI-015) and the l e a s t squares best f i t t o t h i s 
c u r ve u s i n g t h e non-zero c o e r c i v i t y model. 
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T h i s s u g g e s t s , t h e r e f o r e , t h a t s m a l l v a r i a t i o n s i n the 

remanence i n d u c t i o n , B^, f o r these m a t e r i a l s w i l l be 

r e f l e c t e d by p r o p o r t i o n a l changes i n the 5 t h and 7 t h 

harmonic a m p l i t u d e s , w i t h t h e 7 t h even harmonic a m p l i t u d e 

showing t h e g r e a t e s t a b s o l u t e s e n s i t i v i t y t o such change. 

2.3 Other models f o r t he M a g n e t i z a t i o n Loop 

Over t h e years many o t h e r models f o r a h y s t e r e s i s 

l o o p f u n c t i o n have been p r e s e n t e d w i t h i n the c o n t e x t 

o f harmonic a n a l y s i s m a i n l y i n the f i e l d s o f magneto-

m o d u l a t i o n probes and e l e c t r i c a l c i r c u i t a n a l y s i s (see, 

f o r example, . M i k h a i l o v s k i i and Spektor (1957) and 

R o g a c h e v s k i i and Shtamberger ( 1 9 6 7 ) ) . These have been 

e x c e l l e n t l y p r e s e n t e d i n the r e c e n t r e v i e w o f the funda­

mental a n a l y t i c a l c a l c u l a t i o n s by Ponomarev (1983d). 

I n t h i s a r t i c l e , a n a l y t i c a l e x p r e s s i o n s f o r the 

p i e c e w i s e l i n e a r model under t r i a n g u l a r waveform f i e l d 

c o n d i t i o n s a re g i v e n which are e q u i v a l e n t t o those presented 

h e r e . Ponomarev p r e s e n t s t he r e s u l t s i n terms o f amplitudes 

and r e l a t i v e phases f o r each component frequency r a t h e r 

t h a n c o n s i d e r i n g b o t h even and odd terms as i s the case 

h e r e . As a r e s u l t , some v i t a l i n f o r m a t i o n such as the 

l i n e a r r e l a t i o n s h i p between c o e r c i v i t y and 1st even 

harmonic a m p l i t u d e i s l o s t . He has, however, extended 

th e a n a l y s i s t o i n c l u d e t h e e f f e c t s on the harmonic 

a m p l i t u d e s caused by the presence o f a superimposed 

d.c. magnetic f i e l d (H^) and shows how the 2nd harmonic 

a m p l i t u d e , i n p a r t i c u l a r , may be used t o e s t i m a t e the 



- 49 -

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

p i e c e w i s e l i n e a r and a r c t a n g e n t a p p r o x i m a t i o n s t o the 

m a g n e t i z a t i o n l o o p under s i n u s o i d a l f i e l d c o n d i t i o n s . 

W h i l s t the l a t t e r model i s p o t e n t i a l l y a more ac c u r a t e 

r e p r e s e n t a t i o n , t h e e x p r e s s i o n s g i v e n f o r b o t h a p p r o x i ­

mations are so complex t h a t t h e v a r i a b l e s r e l a t e d t o 

H , H and H cannot be o b t a i n e d i n separable form. 

Ponomarev p o i n t s out t h a t i t i s , t h e r e f o r e , e x t r e m e l y 

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

r e s u l t s . 

2.4 R e c o n s t r u c t i o n o f B-H loops from Harmonic I n f o r m a t i o n 

A s t u d y o f t h e harmonic c o n t e n t o f a s e r i e s o f 

B-H l o o p s , o b t a i n e d from a t e s t m a t e r i a l whose magnetic 

p r o p e r t i e s are changing, does not g i v e a c l e a r i n d i c a t i o n 

as t o which harmonics, i f any, are r e s p o n s i b l e f o r the 

shape o f t h e v a r i o u s r e g i o n s o f t h e B-H l o o p . An a l t e r a t i o n 

i n l o o p shape a f f e c t s t h e a m p l i t u d e o f a l l t h e harmonics 

s i m u l t a n e o u s l y and, a l t h o u g h the magnitude o f the a m p l i t u d e 

changes may be d i f f e r e n t f o r each harmonic, i t i s e x t r e m e l y 

d i f f i c u l t t o a t t r i b u t e a shape change i n a p a r t i c u l a r 

r e g i o n o f t h e l o o p t o a s p e c i f i c harmonic. 

Ponomarev (1983d) c o n s i d e r e d t h i s problem, but 

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

him t o s t a t e t h a t " t h e t r a n s i t i o n from d i s c r e t e s p e c t r a 

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

t o p u t i n t o p r a c t i c e " . The a v a i l a b i l i t y o f a microcomputer 

h e r e , however, has a l l o w e d t h i s problem t o be i n v e s t i g a t e d 
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by d i g i t a l l y r e c o n s t r u c t i n g B-H loops from harmonic 

a m p l i t u d e and phase i n f o r m a t i o n . The loops were c a l c u l a t e d 

and p l o t t e d u s i n g a 4032 Commodore PET microcomputer, 

a Bede S c i e n t i f i c I n s t r u m e n t s MINICAM i n t e r f a c e and 

an X-Y r e c o r d e r . The a m p l i t u d e o f a p a r t i c u l a r harmonic 

was a l t e r e d i n d e p e n d e n t l y o f the o t h e r s and the e f f e c t 

on t h e l o o p shape was observed. 

The i n i t i a l harmonic a m p l i t u d e and phase values 

used were o b t a i n e d from t h e a n a l y s i s o f a t y p i c a l B-H 

l o o p u s i n g a t e c h n i q u e d e s c r i b e d i n Chapter 3. No 

a m p l i t u d e o r phase i n f o r m a t i o n above the 9 t h o r d e r was 

i n c l u d e d i n t h e c a l c u l a t i o n . The a m p l i t u d e o f the 3rd 

harmonic was t h e n reduced from i t s i n i t i a l v a l u e t o 

zero i n t e n equal steps g i v i n g a s e r i e s o f e l e v e n B-H 

loops ( F i g u r e 2.8). T h i s procedure was r e p e a t e d f o r 

the 5 t h and 7 t h harmonics ( F i g u r e s 2.9 and 2.10). The 

phase angles ( (^i ^) were k e p t u n a l t e r e d thus e x p l a i n i n g 

the c o n s t a n t s e p a r a t i o n between t h e f o r w a r d and r e t u r n 

paths on a l l t he B-H l o o p s . 

F i g u r e 2.8 demonstrates t h a t v a r i a t i o n o f the 3rd 

harmonic a m p l i t u d e causes a s h o r t e n i n g o f the h i g h g r a d i e n t 

r e g i o n o f t h e l o o p , but most d i s t o r t i o n occurs i n the 

r e g i o n j u s t above the "knee". A l t e r a t i o n s o f the 5 t h 

and 7 t h harmonic a m p l i t u d e s i n c r e a s e t he l e n g t h o f the 

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

a l s o occurs f a r i n t o s a t u r a t i o n . For a l l t h e loops 

th e g e n e r a l form o f the l o o p i s seen t o be l a r g e l y un­

a f f e c t e d by t h e e n f o r c e d changes i n harmonic c o n t e n t , 

a l t h o u g h changes i n the g r a d i e n t o f the h i g h g r a d i e n t 

r e g i o n are observed. 



i 

F i g u r e 2.8 Three o f t h e e l e v e n h y s t e r e s i s loops showing 
e f f e c t on l o o p shape caused by d e c r e a s i n g t h i r d harmonic 
a m p l i t u d e . ( i ) O r i g i n a l c u r v e , ( v i ) , ( x i ) 50 p e r c e n t and 
100 p e r c e n t o f t h i s a m p l i t u d e removed, r e s p e c t i v e l y . 



F i g u r e 2.9 E f f e c t on l o o p shape caused by d e c r e a s i n g f i f t h 
harmonic a m p l i t u d e . 



F i g u r e 2.10 E f f e c t on l o o p shape caused by d e c r e a s i n g 
s e v e n t h harmonic a m p l i t u d e . 
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I t i s w e l l known t h a t t he shape o f the r e g i o n around 
t h e "knee" o f t h e B-H l o o p i s d e t e r m i n e d by the i r r e v e r s i b l e 
domain w a l l movement i n t h e m a t e r i a l , and the above r e s u l t s 
suggest t h a t t h e a m p l i t u d e o f the 3rd harmonic should be 
t h e parameter most s e n s i t i v e t o changes i n these mechanisms. 
I n a s i m i l a r way t h e 5 t h , 7 t h and h i g h e r harmonics should 
be s e n s i t i v e t o changes i n the m a g n e t i z a t i o n r o t a t i o n 
processes i n t h e m a t e r i a l . 

I t i s n o t e d t h a t t h e 3rd harmonic a m p l i t u d e has 

much l e s s i n f l u e n c e on t h e s a t u r a t i o n r e g i o n than the 

5 t h , 7 t h and h i g h e r harmonics. T h i s o b s e r v a t i o n agrees 

w i t h t h e f i n d i n g s o f s e c t i o n 2 . 2 ( i ) where i t was deduced 

t h a t t h e 3rd harmonic a m p l i t u d e i s the l e a s t s e n s i t i v e 

t o changes i n t h e degree o f s a t u r a t i o n i n the i n d u c t i o n 

waveform. The i n c r e a s e i n t h e l e n g t h o f t h e h i g h g r a d i e n t 

r e g i o n , observed when t h e 5 t h and 7 t h harmonic amplitudes 

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

2 . 2 ( i i ) where i t was suggested t h a t " s m a l l v a r i a t i o n s 

i n t h e remanence i n d u c t i o n , B^, f o r these m a t e r i a l s 

w i l l be r e f l e c t e d by p r o p o r t i o n a l changes i n the 5 t h 

and 7 t h harmonic a m p l i t u d e s " . The r e l a t i v e i n v a r i a n c e 

o f t h e g e n e r a l l o o p form i s e x p l a i n e d by t h e use t h r o u g h o u t 

o f a c o n s t a n t v a l u e f o r t h e 1 s t odd harmonic a m p l i t u d e . 

E a r l i e r f i n d i n g s a l s o show t h a t any r e d u c t i o n i n t h i s 

p arameter would s i g n i f i c a n t l y reduce the v a l u e o f the 

parameter x and hence the maximum d i f f e r e n t i a l p e r m e a b i l i t y . 
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2.5 C o n c l u s i o n 

From t h e a n a l y t i c a l models the e x p e r i m e n t a l c o n d i t i o n s 

n ecessary t o o b t a i n r e l i a b l e harmonic p a r a m e t e r i z a t i o n 

o f B-H loops from f e r r o m a g n e t i c m a t e r i a l have been e s t ­

a b l i s h e d . C o n s i d e r a b l e care must be t a k e n c o n c e r n i n g 

t h e degree o f d r i v e i n t o s a t u r a t i o n as t h i s can s e r i o u s l y 

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

o r d e r harmonics. For a m a t e r i a l e x h i b i t i n g s a t u r a t i o n 

f o r up t o 107o o f t h e m a g n e t i z a t i o n c y c l e , however, the 

3rd harmonic a m p l i t u d e remains almost independent o f 

t h e t i m e spent i n s a t u r a t i o n . For n o n - d e s t r u c t i v e t e s t i n g 

a p p l i c a t i o n s , t h e r e f o r e , i t suggests t h a t the 3rd o r d e r 

odd harmonic and t h e 1 s t o r d e r even and odd harmonics 

( p r o p o r t i o n a l t o c o e r c i v i t y and maximum d i f f e r e n t i a l 

p e r m e a b i l i t y ) are t h e most r e l i a b l e parameters t o study. 

Of a l l t h e harmonic components these are t h e most s e n s i t i v e 

t o m a t e r i a l c h a r a c t e r i s t i c s and l e a s t s e n s i t i v e t o e x p e r i ­

mental c o n d i t i o n s . 
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CHAPTER 

PRACTICAL APPLICATIONS OF HARMONIC ANALYSIS TECHNIQUES 

3.1 A n a l y s i s o f B-H loops t a k e n from an X-Y p l o t 

3 . 1 ( i ) I n t r o d u c t i o n and e x p e r i m e n t a l t e c h n i q u e 

While t h e i n t r o d u c t i o n o f a l i n e a r l y ramped a p p l i e d 

f i e l d , as c o n s i d e r e d i n the p r e v i o u s c h a p t e r , i n v o l v e s 

some n o n m a t e r i a l r e l a t e d harmonic c o n t e n t , the r e s u l t s 

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

B-H l o o p s . I f such a l o o p ( F i g u r e 3 . 1 ( a ) ) i s " u n f o l d e d " 

a t i t s extremes and the r e v e r s e m a g n e t i z a t i o n p a t h i s 

mapped f o r w a r d , t h e r e s u l t i n g waveform i s the i n d u c t i o n 

waveform o f t h e m a t e r i a l t h a t would have been observed 

under ramped f i e l d c o n d i t i o n s ( F i g u r e 3 . 1 ( b ) ) , s i n c e 

the e q u i v a l e n c e o f the f i e l d and time a x i s i m p l i e s a 

t r i a n g u l a r f i e l d - t i m e waveform. 

I n o r d e r t o assess r a p i d l y t h e v a l u e o f harmonic 

a n a l y s i s as an a n a l y t i c a l t e c h n i q u e w i t h o u t recourse 

t o e x p e r i m e n t , t h e r e f o r e , t h i s approach was adopted f o r 

a s e r i e s o f B-H loops r e c o r d e d from a s i n g l e s t e e l specimen 

u n d e r g o i n g s i g n i f i c a n t p h y s i c a l change. The f l u x waveform 

B ( t ) was r e c o v e r e d from t he pen-recorded loops by u s i n g 

a l i g h t pen on t h e c a r r i a g e o f an X-Y p l o t t e r , b o t h being 

i n t e r f a c e d t o a 4032 Commodore PET microcomputer ( a f t e r 

B l a c k b u r n and Smith ( 1 9 8 1 ) ) . The i n t e r f a c e used was 

the modular MINICAM system (Bede S c i e n t i f i c I n s t r u m e n t s , 

Durham) e x p l o i t i n g one ADC and two DAC channels o f the 

many modules a v a i l a b l e . The B-H l o o p s , p l a c e d on the 



F i g u r e 3.1 (a) T y p i c a l h y s t e r e s i s l o o p f o r h i g h perme-
a b i l i t y m a t e r i a l . (b) I n d u c t i o n waveform o b t a i n e d from 
t h e h y s t e r e s i s l o o p assuming l i n e a r l y ramped a p p l i e d 
f i e l d . 
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bed o f the X-Y p l o t t e r , were scanned by the l i g h t pen 
(w h i c h i n c o r p o r a t e d i t s own l i g h t source and d e t e c t o r ) 
under computer c o n t r o l v i a the DAC channels. The pen 
d e t e c t o r o u t p u t was c o n s t a n t l y m o n i t o r e d v i a the ADC 
channel u n t i l , on c r o s s i n g t he B-H l i n e , ' t h e o u t p u t changed 
a b r u p t l y due t o t h e s c a t t e r i n g o f l i g h t by the i n k l i n e . 

S t a r t i n g above the extreme r i g h t hand l i m i t o f the 

B-H l o o p , t h e pen was Y scanned u n t i l t h e ADC s i g n a l 

went low ( F i g u r e 3 . 2 ( a ) ) . The computer r e c o r d e d t he 

X-Y c o o r d i n a t e s o f t h e l i g h t pen, backed i t o f f from the 

l i n e and in c r e m e n t e d t he X p o s i t i o n . T his p a t t e r n was 

r e p e a t e d u n t i l t h e end o f the curve was d e t e c t e d by i n t e r ­

p o l a t i o n ( F i g u r e 3 . 2 ( b ) ) , a t which p o i n t t he pen's move­

ments were r e v e r s e d and t h e lowe r s e c t i o n o f the l o o p 

d i g i t i z e d . Once d i g i t i z e d , t h e d e t e r m i n a t i o n o f the 

i n d u c t i o n wave and the F o u r i e r a n a l y s i s o f the same was 

th e n t r i v i a l . A l l s o f t w a r e was w r i t t e n i n BASIC (see 

Appendix A ) . 

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

F o u r i e r a n a l y s i s o f the r e s u l t i n g waveform was t e s t e d 

u s i n g a model B-H l o o p o f the form c o n s i d e r e d i n Chapter 

2. D i g i t i z a t i o n o f the l o o p ( F i g u r e 3 . 3 ( a ) ) y i e l d e d 

harmonics i n v e r y good agreement w i t h those o b t a i n e d 

a n a l y t i c a l l y (see Table 3.1). By way o f a f u r t h e r check, 

use was made o f these c o e f f i c i e n t s (up t o 10th o r d e r ) 

t o r e g e n e r a t e t h e B-H l o o p and a v e r y s a t i s f a c t o r y r e p r o ­

d u c t i o n o f t h e o r i g i n a l was o b t a i n e d ( F i g u r e 3 . 3 ( b ) ) . 



X 

Y V 

(a1 

(b) 

F i g u r e 3.2 I l l u s t r a t i o n o f p a t h t r a c e d by l i g h t pen 
when d i g i t i z i n g h y s t e r e s i s l o o p . (a) a t s t a r t o f d i g i t i z a ­
t i o n r u n , (b) h a l f way t h r o u g h r u n . 



(a) 

(b) 

F i g u r e 3.3 (a) Model B-H l o o p which p e r m i t s a n a l y t i c a l 
s o l u t i o n , (b) B-H l o o p r e c o n s t r u c t e d u s i n g F o u r i e r com­
ponents o b t a i n e d from a n a l y s i s o f l i g h t pen d i g i t i z a t i o n 
o f ( a ) . 



Harmonic Theory Experiment 
Odd Even Odd Even 

1s t 99 .33 -15. 73 98 .83 -15. 25 

3rd 9 .95 - 5. 07 . 10 .16 - 5. 33 

5 t h -2 .84 2. 84 -2 .79 2. 86 

7 t h -0 .932 1. 83 -0 .937 1. 86 

9 t h 0 .194 - 1 . 23 0 .164 - 1 . 10 

Table 3.1 

Comparison o f t h e o r e t i c a l and e x p e r i m e n t a l l y determined 

harmonic a m p l i t u d e s f o r a model B-H loop 
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3 , l ( i i ) E x p e r i m e n t a l r e s u l t s 

Once s a t i s f i e d by t h e e f f e c t i v e n e s s o f the t e c h n i q u e , 

th e s e r i e s o f B-H loops chosen t o be s t u d i e d i n t h i s 

way were o f r e n o r m a l i z e d BS4360 (1979) 50D c o n s t r u c t i o n a l 

s t e e l u n d e r g o i n g p l a s t i c d e f o r m a t i o n . These B-H l o o p s , 

w h i c h have been r e p o r t e d elsewhere (Anderson ( 1 9 8 0 ) ) , 

r e v e a l e d s i g n i f i c a n t changes i n l o o p shape d u r i n g p l a s t i c 

d e f o r m a t i o n , t o g e t h e r w i t h a monotonic decrease i n the 

remanence i n d u c t i o n B^ and an i n c r e a s e i n the c o e r c i v e 

f i e l d H^ (see, f o r example. F i g u r e s 3.4(a) and ( b ) ) . 

They were, t h e r e f o r e , c o n s i d e r e d an i d e a l t e s t t o assess 

th e v a l u e o f harmonic a n a l y s i s as an a n a l y t i c a l t e c h n i q u e . 

The B-H l o o p s , t a k e n up t o a u n i f o r m p l a s t i c s t r a i n 

o f 8.57o, were a n a l y s e d f o r harmonic components up t o 

th e 1 0 t h power. The v a r i a t i o n o f t h e odd o r d e r odd power 

harmonics w i t h p l a s t i c d e f o r m a t i o n i s shown i n F i g u r e 

3.5 (see a l s o W i l l c o c k and Tanner ( 1 9 8 3 ( b ) ) . Both f i r s t 

( F i g u r e 3.5(a)) and t h i r d ( F i g u r e 3 . 5 ( b ) ) odd o r d e r harmonics 

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

harmonics ( F i g u r e 3 . 5 ( c ) ) decrease i n i t i a l l y and change 

s i g n a t a v a l u e o f s t r a i n which decreases w i t h i n c r e a s i n g 

harmonic power. The seventh and n i n t h harmonics sub­

s e q u e n t l y i n c r e a s e a g a i n a t h i g h e r s t r a i n l e v e l s . A l l 

even power odd o r d e r harmonics were found t o be absent, 

i n agreement w i t h the p r e d i c t i o n s o f the a n a l y t i c a l models 

p r e s e n t e d i n Chapter 2. From these model c a l c u l a t i o n s 

t h e decrease i n f i r s t and t h i r d odd harmonic ampl i t u d e s 

can be a s c r i b e d t o a decrease i n B and B^ r e s p e c t i v e l y . 
max r ^ ^ 

Both t r e n d s i n d i c a t e t h a t the time spent i n s a t u r a t i o n 



0 0 0 % PLASTIC STRAIN 

1-5 Tesla + 

BOkA/n, H 

8 - 3 8 % PLASTIC STRAIN 

1-5 Tesla 

5 0 kA/m 
1 

F i g u r e 3.4 B-H l o o p o f sample of 
and TBI a T t e r p l a s t i c d e f o r m a t i o n 

50D s t e e l , (a) b e f o r e , 
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F i g u r e 3.5 V a r i a t i o n o f odd o r d e r harmonic amplitudes 
w i t h s t r a i n . (a) 1 s t , (b) 3 r d , ( c ) 5 t h , 7 t h and 9 t h . 
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i s becoming l e s s , thus l e a d i n g t o the r o u n d i n g o f the 
B-H l o o p which i s observed q u a l i t a t i v e l y (Anderson ( 1 9 8 0 ) ) . 
A l t h o u g h the h i g h e r power terms have been shown t o p r e ­
d o m i n a n t l y govern t h e approach t o s a t u r a t i o n , by r e f e r r i n g 
t o t h e r e s u l t s p r e s e n t e d i n Chapter 2 o f t h i s t h e s i s 
i t can be seen t h a t the observed change i n s i g n o f these 
harmonics can o n l y a r i s e from a s i g n i f i c a n t i n c r e a s e 
i n t h e c o e r c i v e f i e l d H^ because t h e r e i s no observed 
change i n the s i g n o f t h e even o r d e r harmonics. 

A s i g n i f i c a n t r i s e i n H^ i s indeed observed ( F i g u r e 

3.6) and t h i s i s r e f l e c t e d i n an e q u i v a l e n t i n c r e a s e 

i n t h e magnitude o f the f i r s t power even harmonic. The 

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

p e r m e a b i l i t y , t h e f i r s t even harmonic a m p l i t u d e i s p r o p o r t i o n a l 

t o t he c o e r c i v i t y and, a l t h o u g h t h e a b s o l u t e magnitude 

of t h e change i n harmonic a m p l i t u d e i s lower t h a n p r e d i c t e d 

due t o the s h e a r i n g o f t h e l o o p , the o v e r a l l t r e n d i s 

as expected. F i g u r e 3.7 shows, f o r completeness, the 

b e h a v i o u r o f t h e h i g h e r even o r d e r harmonics, a l l o f 

which show a monotonic decrease w i t h s t r a i n . By recombining 

the d a t a p r e s e n t e d here ( F i g u r e s 3.5 - 3.7) i t i s p o s s i b l e 

t o r e c o n s t r u c t t h e B-H loops a t any p o i n t i n t h e d e f o r m a t i o n 

p r o c e s s , as demonstrated above. 

By way o f a c o n t r a s t , Tables 3.2 and 3.3 show the 

b e h a v i o u r o f t h e harmonic a m p l i t u d e s o f samples of the 

same s t e e l b e f o r e and a f t e r a n n e a l i n g and f a t i g u e t e s t i n g . 

A n n e a l i n g o f t h e 50D s t e e l l e d t o a v i s i b l e s q u a r i n g 

o f t he B-H l o o p w i t h l i t t l e change i n H^. T h i s was 

r e v e a l e d by s i g n i f i c a n t i n c r e a s e s i n the 3 r d , 5 t h , 7 t h 
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Harmonic As r e c e i v e d A f t e r 
a n n e a l i n g 

7o c -lange 

Odd Even Odd Even Odd Even 
1 s t 99.3 -12.2 99.3 -11.7 0.0 - 4.0 

3rd 24.2 - 9.6 26.6 -10.3 10.0 6.8 

5 t h 11.4 - 7.9 13.4 - 8.8 17.2 10.9 

7 t h 5.3 - 6.3 7.1 - 7.6 32.4 19.4 

9 t h 2.6 - 5.0 3.9 - 6.1 47.5 22.8 

Table 3.2 

Changes i n harmonic a m p l i t u d e s as 

a consequence of sample a n n e a l i n g 



Harmonic 0 c y c l e s 3.85 X 10^ c y c l e s 7o change 

Odd Even Odd Even Odd Even 

1st 99.3 -12.2 99.1 -13.7 - 0.2 12.4 

3rd 22. 7 - 9.7 20.0 - 9.9 -11.6 2.9 

5 t h 10.0 - 7.1 7.8 - 6.9 -22.3 - 3.2 

7 t h 4.2 - 5.4 2.5 - 4.9 -40.8 - 9.9 

9 t h 1.9 - 3.8 0.7 - 3.3 -61.8 -13.7 

Table 3.3 

Changes i n harmonic a m p l i t u d e s as a 

r e s u l t o f sample f a t i g u i n g 
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and 9 t h harmonics (Table 3.2). 

The f a t i g u e t e s t samples were ta k e n from the body 

o f t h e s t e e l and a l s o from the heat a f f e c t e d zone (HAZ) 

o f a weld r e g i o n . For the p l a i n f a t i g u e sample from 

th e b u l k s t e e l , no change i n harmonic a m p l i t u d e s or c r o s s i n g -

p o i n t parameters was found up t o f a i l u r e j u s t above 7.65 

X 10^ c y c l e s . I n t h e weld f a t i g u e sample, however, v i s i b l e 

r o u n d i n g o f t h e B-H l o o p o c c u r r e d j u s t p r i o r t o f a i l u r e 

a t 3.8 X 10^ c y c l e s , w i t h a s i g n i f i c a n t decrease i n B^ 

and i n c r e a s e i n H^. S i m i l a r l y s i g n i f i c a n t r e d u c t i o n s 

i n t h e odd power odd o r d e r e d harmonics and a l a r g e i n c r e a s e 

i n t h e f i r s t even harmonic were found (Table 3.3). A l l 

even power harmonics were a g a i n absent. 

3 . 1 ( i i i ) C o n c l u s i o n s 

The harmonic a n a l y s i s o f B-H loops t a k e n d u r i n g 

th e p l a s t i c d e f o r m a t i o n o f 50D c o n s t r u c t i o n a l s t e e l has 

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

a n a l y t i c a l model occur i n a p r a c t i c a l e x p e r i m e n t a l s i t u a t i o n . 

The v a r i a t i o n i n c r o s s i n g - p o i n t parameters and q u a l i t a t i v e 

changes i n l o o p shape observed (Anderson (1980)) have 

been r e l a t e d t o q u a n t i t a t i v e changes i n harmonic a m p l i t u d e . 

The s h e a r i n g o f the B-H l o o p d u r i n g p l a s t i c d e f o r m a t i o n 

i s accompanied by a monotonic decrease i n f i r s t , t h i r d 

and f i f t h odd o r d e r harmonics, w h i l e an i n c r e a s e i n 

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

f i r s t even o r d e r harmonic a m p l i t u d e and a change o f s i g n 

i n t h e h i g h e r power odd o r d e r harmonics. S i m i l a r t r e n d s 

were observed f o r b o t h annealed and f a t i g u e d samples. 
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I t i s c o n c l u d e d , t h e r e f o r e , t h a t harmonic a n a l y s i s 
p r o v i d e s a v a l u a b l e and m e a n i n g f u l method f o r the para-
m a t e r i z a t i o n o f B-H loops t h a t i s p a r t i c u l a r l y w e l l s u i t e d 
t o a r e a l t i m e i n s p e c t i o n environment. I t i s r e a d i l y 
adapted t o automated d a t a c o l l e c t i o n and p e r m i t s the 
r e c o n s t r u c t i o n o f the c o n v e n t i o n a l B-H l o o p a t any p o i n t . 

3.2 B-H l o o p s t u d i e s o f p i p e s t e e l s 

3.2(1) D e s c r i p t i o n o f apparatus 

Encouraged by t h e r e s u l t s o b t a i n e d from 50D s t e e l , 

i t was d e c i d e d t o c o l l e c t B-H l o o p and i n i t i a l m a g n e t i z a t i o n 

curve d a t a from samples o f a l l p i p e s t e e l s r e l e v a n t t o 

th e gas i n d u s t r y . As p a r t o f the c o l l a b o r a t i o n between 

the OLIC, C r a m l i n g t o n and the Physics group a t Durham, 

t h e r e f o r e , a p r o j e c t was d e v i s e d such t h a t the data would 

be c o l l e c t e d from a magnetic permeameter a t OLIC and 

s u b s e q u e n t l y t r a n s f e r r e d t o Durham f o r a n a l y s i s . 

The permeameter used f o r these s t u d i e s was a c o n v e n t i o n a l 

yoke permeameter w i t h a c l o s e d magnetic c i r c u i t designed 

t o reduce d e m a g n e t i z i n g f a c t o r s t o zero by e l i m i n a t i n g 

a i r gaps ( F i g u r e 3.8). The t e c h n i q u e used t o measure 

the B-H l o o p o r i n i t i a l m a g n e t i z a t i o n curve i s e s s e n t i a l l y 

t h a t g i v e n i n BS5884 ( D e t e r m i n a t i o n o f Magnetic P r o p e r t i e s 

o f Magnetic M a t e r i a l s ) . The a p p l i e d f i e l d i n the bar 

shaped sample i s e s t i m a t e d by a H a l l - e f f e c t probe p l a c e d 

a d j a c e n t t o t h e sample s u r f a c e , and the magnetic i n d u c t i o n 

i n t h e bar i s measured by i n t e g r a t i n g t h e emf from a 

t i g h t f i t t i n g m u l t i - t u r n c o i l wrapped around i t . The 
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a p p l i e d f i e l d , which can be v a r i e d from 0 t o 40,000 Am""*", 
i s p r o v i d e d by a l o n g s o l e n o i d , t h e a x i s o f which i s 
c o i n c i d e n t w i t h t h e c e n t r a l l i n e o f the bar sample. 
The c u r r e n t s u p p l i e d t o t h i s c o i l i s d e r i v e d from a v o l t a g e 
programmable power s u p p l y o p e r a t e d i n c o n s t a n t c u r r e n t 
mode. The e n t i r e apparatus i s c o n t r o l l e d r e m o t e l y by 
a M.I.N.C. mini-computer which uses analogue t o d i g i t a l 
and d i g i t a l t o analogue c o n v e r t e r s (ADC's and DAC's) 
t o m o n i t o r t he o u t p u t o f b o t h gaussmeter and i n t e g r a t i n g 
v o l t m e t e r as w e l l as p r o v i d i n g t h e necessary i n p u t t o 
the power s u p p l y ( F i g u r e 3.9). The s o f t w a r e r e q u i r e d 
t o c o n t r o l t h e c u r r e n t ramping c y c l e , and hence the e x p e r i ­
ment, i s w r i t t e n i n BASIC (see Appendix B ) , and a l l data 
t h u s o b t a i n e d i s s t o r e d d i r e c t l y on f l o p p y d i s c . 

A t y p i c a l B-H lo o p s t u d y o f an i n i t i a l l y de­

magnetized s t e e l sample c o n s i s t e d o f 200 p a i r s o f magnetic 

i n d u c t i o n and f i e l d v a l u e s up t o a f i x e d maximum f i e l d 

o f 5650 - 50 Am"-"- (see, f o r example. F i g u r e 3.10). This 

p o i n t d e n s i t y was c o n s i d e r e d necessary i f subsequent 

harmonic a n a l y s i s o f the da t a up t o and i n c l u d i n g 1 0th 

o r d e r was t o be m e a n i n g f u l . Consequently a l e n g t h y r u n 

t i m e o f a p p r o x i m a t e l y 45 minutes was r e q u i r e d which r e s u l t e d 

i n problems caused by t h e i r r e g u l a r d r i f t i n the s i g n a l 

r e c o r d e d by the i n t e g r a t i n g a m p l i f i e r over such time 

s c a l e s . For s h o r t t i m e i n t e r v a l s , however, the d r i f t 

c o u l d be w e l l r e p r e s e n t e d by a l i n e a r f u n c t i o n and, by 

t a k i n g t h r e e r e a d i n g s o f the magnetic i n d u c t i o n a t con­

s e c u t i v e h a l f c y c l e s o f t h e l o o p i n q u i c k succession 

(e . g . Bj B^ and Blj* as shown i n F i g u r e 3.11), t he e f f e c t s 
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F i g u r e 3.10 T y p i c a l m a g n e t i z a t i o n l o o p r e c o r d e d by 
automated yoke permeameter a p p a r a t u s . The p l o t was 
produced by l i n e a r i n t e r p o l a t i o n between data p o i n t s 
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o f such d r i f t were e l i m i n a t e d . T h i s procedure was f o l l o w e d 

f o r each r e q u i r e d f i e l d v a l u e , t h e r e f o r e , b e f o r e the 

c o r r e s p o n d i n g r e a d i n g s f o r subsequent f i e l d v a l u e s (e.g. 

e t c . ) were r e c o r d e d . Once the complete B-H l o o p 

had been r e c o r d e d i n t h i s manner and the r e s u l t s s t o r e d 

on d i s c , t h e o p e r a t o r was t h e n prompted t o p r o v i d e another 

demagnetized s t e e l sample f o r i n v e s t i g a t i o n . 

3 . 2 ( i i ) T r a n s f e r o f d a t a from OLIO t o Durham 

The a u t o m a t i o n o f t h e d a t a t a k i n g process a l l o w e d 

s e v e r a l B-H l o o p o r i n i t i a l m a g n e t i z a t i o n curve s t u d i e s 

t o be completed each w o r k i n g day w i t h minimum commitment 

of manpower. As a r e s u l t , a l a r g e body o f data r a p i d l y 

accumulated c o r r e s p o n d i n g t o i n v e s t i g a t i o n s i n t o twenty 

seven s t e e l t y pes o f p a r t i c u l a r r e l e v a n c e t o t h e gas 

p i p e l i n e i n d u s t r y . M a g n e t i z a t i o n measurements ( b o t h 

B-H l o o p s and i n i t i a l c u r v e s ) were r e c o r d e d f o r a t l e a s t 

two samples o f each i n d i v i d u a l s t e e l t y pe making the 

t o t a l number o f d a t a f i l e s r e c o r d e d exceed one hundred 

and f i f t y . 

I n o r d e r t o a n a l y s e t h i s d a t a c o n v e n i e n t l y u s i n g 

harmonic a n a l y s i s and o t h e r more c o n v e n t i o n a l t e c h n i q u e s , 

th e d a t a had t o be t r a n s f e r r e d from i t s p o s i t i o n on f l o p p y 

d i s c a t OLIO t o an e q u a l l y accessable form a t Durham. 

The i n c o m p a t a b i l i t y o f t h e d i s c d r i v e s o f the MING m i n i ­

computer a t OLIC and the CBM "PET" microcomputers used 

a t Durham made t h i s t a s k n o n - t r i v i a l b u t , by w r i t i n g 

a PET e m u l a t i o n program on the MING, the data was t r a n s ­

f e r r e d d i r e c t t o CBM d i s c . The e m u l a t i o n program (Appendix 
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C) reproduced t he p r o t o c o l used by the PET t o communicate 
w i t h i t s CBM d i s c d r i v e v i a t h e IEEE-488 data bus and, 
by p h y s i c a l l y l i n k i n g t h e MINC t o the CBM d i s c d r i v e 
v i a t h i s p o r t , t h e t r a n s f e r o f d a t a and program f i l e s 
t o and from t h e s e p a r a t e d i s c systems was ach i e v e d . 

3 . 2 ( i i i ) Harmonic a n a l y s i s o f 12 i n c h p i p e - s t e e l data 

S o f t w a r e was w r i t t e n f o r t h e CBM microcomputer, s i m i l a r 

t o t h a t g i v e n i n Appendix A, which r o u t i n e l y performed a 

F o u r i e r a n a l y s i s o f a l l p i p e - s t e e l d a t a f i l e s and p l o t t e d 

t h e r e s u l t s , where r e q u i r e d , on an X-Y r e c o r d e r . The 

most i n t e r e s t i n g i n d i v i d u a l system s t u d i e d i n some d e t a i l 

by t h i s method was t h e da t a r e c o r d e d from 41 samples 

o f 12 i n c h d i a m e t e r p i p e - s t e e l . I t had been i n d i c a t e d 

t h a t t h i s s t e e l t y p e was o f p a r t i c u l a r i n t e r e s t t o B r i t i s h 

Gas because o f s m a l l p e r i o d i c i r r e g u l a r i t i e s i n the pipe 

w a l l t h i c k n e s s i m p a r t e d t o the s t e e l d u r i n g manufacture. 

These r e g i o n s a r e d e t e c t e d by the PIG d u r i n g p i p e l i n e 

i n s p e c t i o n and the r e c o r d e d s i g n a l s are l a r g e enough 

t o obscure t h e i n f o r m a t i o n from genuine w a l l t h i c k n e s s 

d e f e c t s . C o n s i d e r a b l e i n t e r e s t was expressed, t h e r e f o r e , 

i n t h e harmonic a n a l y s i s r e s u l t s o b t a i n e d from the many 

samples t a k e n from t h i s p i p e - s t e e l t o see i f t he magnetic 

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

i n these r e g i o n s . 

Twelve i n c h p i p e - s t e e l i s manufactured as a seamless 

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

o f s t e e l as i t i s e x t r a c t e d from t h e f u r n a c e and the n 

hammering i t t o t h e r e q u i r e d s i z e and shape w i t h f o u r 
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s y m m e t r i c a l l y p o s i t i o n e d hammers as i t passes around an 
i n n e r mandrel . The p i p e i s advanced and r o t a t e d s l i g h t l y 
between c o n s e c u t i v e blows w i t h t he r e s u l t t h a t the f o u r ­
f o l d c i r c u m f e r e n t i a l t h i c k n e s s v a r i a t i o n ( F i g u r e 3.12(a)) 
caused by t h e hammer impact s p i r a l s a l o n g t he l e n g t h 
o f t h e p i p e ( F i g u r e 3 . 1 2 ( b ) ) . F i g u r e 3.12(c) shows d i a -
g r a m a t i c a l l y how t h i s m a n i f e s t s i t s e l f i n the s i g n a l s 
r e c o r d e d by t h e PIG d u r i n g i n s p e c t i o n . 

The 41 samples, whose m a g n e t i z a t i o n c h a r a c t e r i s t i c s 

were s t u d i e d , had been t a k e n a t equal i n t e r v a l s from 

around t h e c i r c u m f e r e n c e o f the p i p e . I t was expected, 

t h e r e f o r e , t h a t t h e magnetic b e h a v i o u r o f these samples, 

and hence t h e harmonic a m p l i t u d e s , s h o u l d show a s i m i l a r 

f o u r - c y c l e v a r i a t i o n t o the t h i c k n e s s v a r i a t i o n when 

p l o t t e d out as a f u n c t i o n o f c i r c u m f e r e n t i a l p o s i t i o n . 

A l l t h e harmonic a m p l i t u d e s , however, showed a s i g n i f i c a n t 

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

F i g u r e s 3 . 1 3 ( a ) , (b) and ( c ) show, f o r example, 

t h e v a r i a t i o n o f t h e 3rd odd o r d e r and 7 t h odd and even 

o r d e r harmonics as a f u n c t i o n o f c i r c u m f e r e n t i a l p o s i t i o n . 

I t can be seen t h a t these harmonic a m p l i t u d e s show a 

g r a d u a l r e d u c t i o n w i t h p o s i t i o n u n t i l a p p r o x i m a t e l y sample 

33, a t which p o i n t t h e r e i s a more r a p i d i n c r e a s e back 

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

t o show the o p p o s i t e t r e n d w i t h p o s i t i o n was the 1st 

even o r d e r harmonic ( F i g u r e 3 . 1 4 ( a ) ) . The behaviour 

o f t h i s harmonic r e f l e c t s t h a t o f t h e c o e r c i v e f i e l d , 

H^, and t h e r e i s a good c o r r e l a t i o n between the two as 

p r e d i c t e d by t h e f i n d i n g s o f Ghapter 2 ( F i g u r e 3 . 1 4 ( b ) ) . 
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There i s a l s o an e x c e l l e n t c o r r e l a t i o n between the behaviour 

o f t h e remanence i n d u c t i o n , B^, and the 7 t h even o r d e r 

harmonic, a g a i n p r e d i c t e d i n Chapter 2. T h i s i s shown 

i n F i g u r e 3.14(c) where values o f B^ ( c r o s s e s ) and 7 t h 

even harmonic a m p l i t u d e ( p o i n t s ) , n o r m a l i z e d t o t h e i r 

r e s p e c t i v e maxima, have b o t h been p l o t t e d on the same 

axes . 

The above r e s u l t s c l e a r l y demonstrate t h a t the magnetic 

p r o p e r t i e s o f 12 i n c h p i p e - s t e e l show a s i n g l e - c y c l e 

v a r i a t i o n 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 i r s t r e v e a l e d 

by harmonic a n a l y s i s r e s u l t s , t h a t i s not d e t e c t e d by 

t h e PIG d u r i n g p i p e - l i n e i n s p e c t i o n . I t was concluded, 

t h e r e f o r e , t h a t the s i g n a l s g e n e r a t e d by the PIG can 

be a t t r i b u t e d d i r e c t l y t o the known f o u r - c y c l e v a r i a t i o n 

i n p i p e - w a l l t h i c k n e s s and are n o t r e l a t e d t o r e a l p h y s i c a l 

d i f f e r e n c e s i n t h e s t e e l a t these p o s i t i o n s . This knowledge, 

combined w i t h t h e r e g u l a r i t y and s i m i l a r i t y o f such s i g n a l s , 

t h e n a l l o w e d B r i t i s h Gas t o overcome the problem by u s i n g 

a s i g n a l a n a l y s i s t e c h n i q u e t o deconvolve any s i g n a l 

f r o m a genuine p i p e - w a l l d e f e c t from t h a t o f the background 

s i g n a l . 

The o r i g i n o f the s i n g l e - c y c l e v a r i a t i o n o f magnetic 

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

o f t h e p i p e - w a l l t h i c k n e s s measurements r e v e a l e d t h a t 

t h e predominant f o u r - c y c l e v a r i a t i o n was o v e r l a i d on 

a s m a l l e r s i n g l e - c y c l e t h i c k n e s s v a r i a t i o n . The l a t t e r 

i s r e v e a l e d c l e a r l y by a v e r a g i n g out the h i g h e r frequency 

t e r m ( F i g u r e 3.15(a)) and, when i n v e r t e d , an e x c e l l e n t 

c o r r e l a t i o n e x i s t s between t h i s and t h e magnetic behaviour 
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( F i g u r e 3 . 1 5 ( b ) ) . This s u ggests, t h e r e f o r e , t h a t the 

p i p e - w a l l t h i c k n e s s v a r i a t i o n s have two o r i g i n s , o f which 

o n l y one a f f e c t s t h e magnetic p r o p e r t i e s . 

The s i n g l e - c y c l e t h i c k n e s s v a r i a t i o n can o n l y occur 

a t t h e p i e r c i n g stage o f manufacture by means of a s l i g h t 

m i s a l i g n m e n t between the c e n t r e o f the s t e e l r od and 

t h e p i e r c i n g j i g . The s t e e l i s h o t t e s t a t t h i s p o i n t 

and i t has been suggested (Durham C o n t r a c t Progress Report 

28.7.82) t h a t d u r i n g the r a p i d c o o l i n g , which takes p l a c e 

b e f o r e the hammering s t a g e , t h e f e r r i t e g r a i n s p r e s e n t 

i n t h e s t e e l ' s m i c r o s t r u c t u r e grow p r e f e r e n t i a l l y i n 

t h e r e g i o n s w i t h the i n c r e a s e d w a l l t h i c k n e s s , as the 

r a t e o f c o o l i n g i n these areas w i l l n o t be as g r e a t . 

T h i s v a r i a t i o n i n g r a i n s i z e , which has yet to be v e r i f i e d 

e x p e r i m e n t a l l y , was then p o s t u l a t e d as b e i n g the source 

o f t h e d i f f e r e n c e s i n magnetic b e h a v i o u r . The behaviour 

o f t h e c o e r c i v e f i e l d , , as a f u n c t i o n o f c i r c u m f e r e n t i a l 

p o s i t i o n , however, does n o t g i v e credence t o t h i s argument. 

F i g u r e s 3.14(b) and 3.15(a) show t h a t the behaviour o f the 

c o e r c i v e f i e l d and p i p e - w a l l t h i c k n e s s c o r r e l a t e w e l l 

and, as i t i s w e l l known (Ruder ( 1 9 3 4 ) , Yensen and Z i e g l e r 

( 1 9 3 5 ) , D o r i n g ( 1 9 3 8 ) , Mager ( 1 9 5 2 ) , Goodenough (1954) 

and Gutnov e t a l . (1973)) t h a t t h e r e i s an i n v e r s e r e l a t i o n 

between t h e c o e r c i v e f i e l d and t h e g r a i n s i z e (d ) ( v i z . 

H = t + B, where A and B are c o n s t a n t s ) f o r m a t e r i a l s c d^ ' g 
w h i c h e x h i b i t g r a i n s t r u c t u r e , t h i s suggests t h a t the 

g r a i n s i z e s h o u l d be a minimum when the p i p e - w a l l t h i c k n e s s 

i s g r e a t e s t . 
I t i s p o s t u l a t e d here t h a t , w h i l e t h e r e may be a 
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s l i g h t i n c r e a s e i n f e r r i t e g r a i n s i z e i n these r e g i o n s , 
t h e r e c o u l d a l s o be an i n c r e a s e d p e a r l i t e f r a c t i o n here 
caused by t h e m i g r a t i o n o f , t h e c e m e n t i t e p r e s e n t i n the 
p e a r l i t e phase t o t h e t h i c k e r p i p e - w a l l areas as the 
s o l i d i f i c a t i o n process sweeps t h r o u g h the m a t e r i a l . 
R e s u l t s p r e s e n t e d l a t e r i n t h i s t h e s i s , and those o b t a i n e d 
i n d e p e n d e n t l y elsewhere ( p r i v a t e communication Tanner 
( 1 9 8 4 ) ) , suggest t h a t t h e p i n n i n g o f domain w a l l s r e s p o n s i b l e 
f o r t h e c o e r c i v e f i e l d i s a p p r o x i m a t e l y 8 times s t r o n g e r 
i n t h e p e a r l i t e phase t h a n t he f e r r i t e phase. Consequently 
an i n c r e a s e i n t h e p e a r l i t e f r a c t i o n w i l l have a more 
p r o f o u n d e f f e c t on t h e c o e r c i v e f i e l d t h a n s m a l l changes 
i n t h e f e r r i t e g r a i n s i z e and the observed i n c r e a s e o f 
H^ would t h e n be e x p l a i n e d . 

3 . 2 ( i v ) Harmonic a n a l y s i s o f a l l o t h e r p i p e - s t e e l data 

The B-H l o o p d a t a o f the r e m a i n i n g twenty s i x s t e e l 

t y p e s were an a l y s e d i n an i d e n t i c a l manner t o the 12 

i n c h d a t a . The harmonic a m p l i t u d e s thus o b t a i n e d were 

t r a n s f e r r e d t o t h e s i t e VAX-11 computer a t G r a m l i n g t o n , 

v i a t h e l a b o r a t o r y based MING minic o m p u t e r , and were 

added t o a da t a f i l e c o n t a i n i n g o t h e r parameters r e l e v a n t 

t o a l l s t e e l t y p e s , which had been amassed by c o l l e a g u e s 

w o r k i n g on t h e same p r o j e c t . These i n c l u d e d f e r r i t e 

and p e a r l i t e g r a i n s i z e s , p e a r l i t e f r a c t i o n s , V i c k e r s 

hardness measurements, c o e r c i v e f i e l d v a l u e s . U l t i m a t e 

T e n s i l e S t r e s s r e s u l t s e t c . (see Appendix D). A s t a t i ­

s t i c a l s o f t w a r e package c a l l e d BMDP ( B i o m e d i c a l Data 

Programs S t a t i s t i c a l Software (1981)) was the n used t o 
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p l o t t h e harmonic a m p l i t u d e s a g a i n s t a l l t h e o t h e r v a r i a b l e s 

( i n c l u d i n g i n v e r s e v a l u e s ) i n the hope t h a t unexpected 

c o r r e l a t i o n s between the v a r i o u s s e t s o f v a l u e s would 

be f o u n d . 

The r e s u l t s , however, were d i s a p p o i n t i n g because, 

a p a r t from t h e expected c o r r e l a t i o n s between the f i r s t 

and t h i r d even o r d e r harmonics and t h e c o e r c i v e f i e l d ( F i g u r e 

3 . 1 6 ( a ) , ( b ) ) and between the seventh even o r d e r harmonic 

and t h e remanence i n d u c t i o n ( F i g u r e 3 . 1 6 ( c ) ) , the o n l y 

p l o t s o f n o t e were n o n - l i n e a r curves r e l a t i n g c e r t a i n 

odd power odd o r d e r harmonics t o maximum p e r m e a b i l i t y 

v a l u e s ( F i g u r e 3 . 1 7 ( a ) , (b) and ( c ) ) . I t had been hoped 

t h a t c o r r e l a t i o n s might have been found between the harmonic 

a m p l i t u d e s and o t h e r v a r i a b l e ( s ) ( e . g . chemical c o m p o s i t i o n , 

V i c k e r s Hardness e t c . ) which are n o t o b v i o u s l y r e l a t e d 

t o t h e m a g n e t i z a t i o n c u r v e . Had t h i s been observed, 

i t would have a l l o w e d an e s t i m a t i o n o f t h e magnetic p r o p e r t i e s 

o f h i t h e r t o unknown s t e e l types from s i m p l e p h y s i c a l 

measurements which o n l y r e q u i r e d s m a l l sample s i z e s . 

I n a f u r t h e r a t t e m p t t o f i n d such c o r r e l a t i o n s the 

i n i t i a l m a g n e t i z a t i o n curve d a t a f i l e s o f a l l the s t e e l 

t y p e s were F o u r i e r a n a l y s e d t o g i v e odd power odd o r d e r 

harmonic a m p l i t u d e s o n l y . These v a l u e s were t r a n s f e r r e d 

t o t h e VAX and p l o t t e d as above but no c o r r e l a t i o n s o f 

any s i g n i f i c a n c e were found. 
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odd harmonics w i t h maximum p e r m e a b i l i t y f o r a l l p i p e s t e e l s . 
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3.2(v) R e c o n s t r u c t i o n o f B-H loops from harmonic 

i n f o r m a t i o n 

I n o r d e r t o a s c e r t a i n e x a c t l y how many harmonic 

a m p l i t u d e s would be r e q u i r e d i n o r d e r t o o b t a i n a reasonable 

r e p r o d u c t i o n o f a B-H l o o p , a d e t a i l e d s t u d y was made 

on s i x s t e e l types (015, DFE, DFD, DHP, 030 and 2401) 

which r e p r e s e n t e d t h e complete range o f magnetic behaviour 

observed i n p i p e - l i n e s t e e l s . Harmonic c o e f f i c i e n t s 

up t o 2 0 t h power were c a l c u l a t e d f r o m t he o r i g i n a l B-H 

l o o p f o r each s t e e l t y pe and s t o r e d on d i s c . The B-H 

loo p s were t h e n r e c o n s t r u c t e d u s i n g v a r i o u s degrees o f 

harmonic i n f o r m a t i o n w i t h t h e a i d o f a PET microcomputer 

and t he r e s u l t s p l o t t e d o u t on an X-Y r e c o r d e r . Loops 

were c a l c u l a t e d and p l o t t e d f o r harmonic c o n t e n t up t o 

and i n c l u d i n g t h e 3 r d , 5 t h , 7 t h , 1 1 t h , 1 5th and 19th 

power r e s p e c t i v e l y . An example o f a t y p i c a l s e r i e s o f 

curves thus o b t a i n e d i s shown i n F i g u r e 3.18. 

A d e t a i l e d i n v e s t i g a t i o n o f parameters a s s o c i a t e d 

w i t h t h e B-H l o o p was performed on a l l curves and the 

r e s u l t s compared t o the v a l u e s o b t a i n e d from the o r i g i n a l 

l o o p . The parameters chosen f o r t h i s s t u d y were the 

c o e r c i v e f i e l d ( H ^ ) , t he remanence i n d u c t i o n ( B ^ ) , the 

maximum v a l u e o f i n d u c t i o n (B„), t h e maximum value o f 
m ' 

p e r m e a b i l i t y ( and t h e v a l u e o f the maximum d i f f e r e n t i a l 

p e r m e a b i l i t y ( M ^ j j ^ f f ) t a k e n a t H^. Table 3.4 shows a 

summary o f t h e r e s u l t s o b t a i n e d from a l l loops expressed 

i n terms o f a percentage e r r o r f r o m t h e values recorded 

f r o m t h e o r i g i n a l l o o p s . I t can be seen t h a t the para-
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F i g u r e 3.18 Example o f t y p i c a l s e r i e s o f B-H loops ( f o r 
s t e e l U3U) r e c o n s t r u c t e d u s i n g harmonic c o n t e n t up t o 
(b) 3 r d , ( c ) 5 t h , (d) 7 t h , (e) 1 1 t h , ( f ) 1 5 t h , (g) 19th 
powers. (a) i s t h e o r i g i n a l c u r v e . 



Order o f l i m i t 
Loop Parameter o f harmonic 

i n f o r m a t i o n 
i n c l u d e d 

Average 7o e r r o r 

H. c 3 10.8 
5 8.9 
7 8.2 

11 6.8 
15 5.5 
19 4.3 

^ max 3 - 39.9 
5 - 24.8 
7 - 15.5 

11 - 4.6 
15 + 1.7 
19 + 3.2 

^ ^ d i f f 3 - 75.1 

a t H 5 - 67.9 
c 7 - 55.9 

11 - 48.0 
15 - 38.2 
19 - 30.9 

B 
max 

3 + 1.1 
5 0 
7 + 1.1 

11 + 1.1 
15 + 1.8 
19 + 1.6 

\ 3 - 56.3 
5 - 42.2 
7 - 31.2 

11 - 16.5 
15 - 6.2 
19 - 2.0 

Table 3.4 
Average percentage e r r o r s f o r v a r i o u s l o o p parameters 

d e t e r m i n e d from B-H loops r e c o n s t r u c t e d from 
v a r y i n g degrees o f harmonic i n f o r m a t i o n 
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meters and ^(^^ff reproduced l e a s t r e l i a b l y i n d i c a t i n g 

t h e e x t e n t t o w h i c h sharp changes i n g r a d i e n t are r e p ­

r e s e n t e d by harmonic terms o f h i g h e r power than those 

c o n s i d e r e d h e r e . The o t h e r parameters are reproduced 

more p r e c i s e l y and e r r o r s are b rought below the 77o l e v e l 

once harmonic i n f o r m a t i o n up t o t h e 1 1 t h power i s s u p p l i e d . 

The r e s u l t s p r e s e n t e d here suggest, t h e r e f o r e , t h a t , 

i n o r d e r t o o b t a i n a s a t i s f a c t o r y r e p r o d u c t i o n o f the 

B-H l o o p , harmonic a m p l i t u d e s up t o the 1 1 t h power must 

be known t o w i t h i n a r e asonable t o l e r a n c e . Use must 

t h e n be made o f t h e r e s u l t s i n Table 3.A t o c o r r e c t those 

l o o p parameters which are known t o be i n e r r o r , 

3 . 2 ( v i ) C o n c l u s i o n 

The B-H l o o p and i n i t i a l m a g n e t i z a t i o n curve data 

f i l e s f o r t w e n t y seven s t e e l types have been recorded 

u s i n g an automated yoke permeameter and t h e r e s u l t s s t o r e d 

on f l o p p y d i s c . Subsequent harmonic a n a l y s i s o f the 

12 i n c h p i p e - s t e e l d ata r e v e a l e d f o r the f i r s t time a 

s i n g l e - c y c l e v a r i a t i o n o f magnetic behaviour 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 which c o r r e l a t e d w e l l w i t h a h i t h e r t o 

u n r e c o g n i z e d s i n g l e - c y c l e p i p e - w a l l t h i c k n e s s v a r i a t i o n . 

As a r e s u l t , i t has been concluded t h a t the s p u r i o u s 

s i g n a l s r e c o r d e d by the i n t e l l i g e n t PIG d u r i n g p i p e - l i n e 

i n s p e c t i o n o f 12 i n c h p i p e are due e n t i r e l y t o the dominant 

f o u r - c y c l e t h i c k n e s s v a r i a t i o n and do n o t , t h e r e f o r e , 

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

c y c l e and s i n g l e - c y c l e t h i c k n e s s v a r i a t i o n s have been 
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i d e n t i f i e d t o stages i n the m a n u f a c t u r i n g process and 

a 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 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 , caused by a n o n - u n i f o r m c o o l i n g r a t e , has been 

p o s t u l a t e d as the source o f t h e s i n g l e - c y c l e magnetic 

v a r i a t i o n . 

The f i r s t even harmonic shows an e x c e l l e n t c o r r e l a t i o n 

w i t h c o e r c i v e f i e l d (H^) f o r a l l s t e e l types as does 

t h e seventh even harmonic a m p l i t u d e w i t h remanence i n d u c t i o n 

( B ^ ) . These r e s u l t s c o n f i r m t h e f i n d i n g s o f Chapter 

2. F u r t h e r c o r r e l a t i o n s , which would have p e r m i t t e d 

a r e c o n s t r u c t i o n o f the m a g n e t i z a t i o n curves from parameters 

n o t o b v i o u s l y r e l a t e d t o the s t e e l ' s m a g n e t i z a t i o n chara­

c t e r i s t i c s , were sought but n o t f o u n d . A d e t a i l e d study 

i n t he r e g e n e r a t i o n o f B-H loops from harmonic i n f o r m a t i o n 

r e v e a l e d t h a t any such c o r r e l a t i o n s should p r e d i c t a l l 

harmonic a m p l i t u d e s up t o the 1 1 t h power t o a reasonable 

t o l e r a n c e . The c o r r e c t i o n o f l o o p parameters B^ and 

' ^ d i f f i n d i c a t e d i n Table 3.4 would, however, be e s s e n t i a l 
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CHAPTER 4 

THE DURHAM VIBRATING SAMPLE MAGNETOMETER 

4.1 I n t r o d u c t i o n 

The d e s i r e f o r i n f o r m a t i o n about the v a r i a b i l i t y 

o f magnetic p r o p e r t i e s o f s m a l l p i p e - s t e e l s e c t i o n s , 

as a f u n c t i o n o f o r i e n t a t i o n and p o s i t i o n i n the p i p e 

w a l l , r e q u i r e d the development o f a magnetometer capable 

o f measuring t h e f u l l m a g n e t i z a t i o n c u r v e . A wide v a r i e t y 

o f methods f o r t h e measurement o f magnetic moments occur 

i n t he l i t e r a t u r e (see, f o r example, the reviews o f Foner 

( 1 9 6 7 ) , Dwight ( 1 9 6 7 ) , Humphrey ( 1 9 6 7 ) , Bates (1970) 

and Foner ( 1 9 8 1 ) ) , b u t the u s u a l methods employed can 

be d i v i d e d i n t o t h r e e major c l a s s e s : measurement o f a 

f o r c e on a m a t e r i a l i n a n o n - u n i f o r m magnetic f i e l d , 

measurement o f magnetic i n d u c t i o n i n the v i c i n i t y o f 

the sample, and i n d i r e c t measurements o f phenomena which 

i n v o l v e the magnetic p r o p e r t i e s . 

The f o r c e method (e.g. Faraday balance) i s a s e n s i t i v e 

t e c h n i q u e which has been employed f o r many y e a r s . I t 

i s , however, d i f f i c u l t t o measure the m a g n e t i z a t i o n i n 

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

the presence o f a f i e l d g r a d i e n t i s e s s e n t i a l t o the 

p r o d u c t i o n o f the f o r c e , and a f i e l d v a l u e averaged over 

th e sample volume must, t h e r e f o r e , be used. For s i m i l a r 

reasons the f o r c e method i s not e a s i l y a d a p t a b l e t o r o u t i n e 

measurements o f m a g n e t i z a t i o n versus a p p l i e d f i e l d o r 

c r y s t a l l o g r a p h i c d i r e c t i o n , and anomalous r e s u l t s have 

been observed i n h i g h l y a n i s o t r o p i c samples (Wolf (1957)) 
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caused by f o r c e s due t o un c o n s i d e r e d components of f i e l d 
g r a d i e n t s . F u r t h e r m o r e , s i g n i f i c a n t problems are caused 
by sample p o s i t i o n i n s t a b i l i t y and some care i s r e q u i r e d 
i n o r d e r t o o b t a i n r e l i a b l e r e s u l t s . 

Numerous i n d i r e c t t e c h n i q u e s f o r measuring magnetic 

moments i n c l u d e measurement o f the Faraday e f f e c t , the 

f e r r o m a g n e t i c H a l l e f f e c t and microwave f e r r o m a g n e t i c 

resonance measurements. These t e c h n i q u e s are capable 

o f e x t r e m e l y h i g h s e n s i t i v i t y but cannot be c o n s i d e r e d 

as a g e n e r a l method because they are l i m i t e d t o p a r t i c u l a r 

phenomena observed i n a l i m i t e d c l a s s o f m a t e r i a l s , about 

which c o n s i d e r a b l e p r i o r knowledge i s r e q u i r e d . 

The measurement o f magnetic i n d u c t i o n , on the o t h e r 

hand, can be a p p l i e d t o a l l m a t e r i a l s and i s ba s i c t o 

a wide v a r i e t y o f magnetic measurement t e c h n i q u e s . These 

i n c l u d e c o n v e n t i o n a l f l u x i n t e g r a t i o n magnetometers and 

b o t h v i b r a t i n g c o i l and v i b r a t i n g sample magnetometers 

(Bates ( 1 9 6 3 ) ) . F l u x i n t e g r a t i o n t e c h n i q u e s are l i m i t e d 

by t h e accuracy and r e p r o d u c i b i l i t y o f sample p o s i t i o n i n g , 

th e n o i s e produced by background f i e l d v a r i a t i o n s and 

c o i l v i b r a t i o n s and, most c r i t i c a l l y the i n e v i t a b l e d r i f t 

o f t h e i n t e g r a t o r c i r c u i t r y . When used i n c o n j u n c t i o n 

w i t h t h e u s u a l l a b o r a t o r y e l e c t r o m a g n e t , e x t e n s i v e modi­

f i c a t i o n s t o t h e magnet are i n v a r i a b l y r e q u i r e d t o p e r m i t 

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

i n v o l v e s p a s s i n g a d r i v e r o d t h r o u g h one o f the magnet 

p o l e f a c e s , w i t h t h e r e s u l t t h a t t h e magnet ceases t o 

be a g e n e r a l l a b o r a t o r y f a c i l i t y (Pauthenet ( 1 9 5 0 ) ) . 

The v i b r a t i n g c o i l magnetometer (V.C.M.) and the 
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v i b r a t i n g sample magnetometer (V.S.M.) b o t h depend on 

s m a l l a m p l i t u d e harmonic o s c i l l a t i o n s o f the p i c k - u p 

c o i l ( s e a r c h c o i l ) and sample r e s p e c t i v e l y t o p r o v i d e 

an a.c. s i g n a l o f s t a b l e f r e q u e n c y , whose a m p l i t u d e i s 

p r o p o r t i o n a l t o t h e magnetic moment o f the sample. I n 

b o t h cases a s e n s i t i v i t y e q u a l l i n g t h a t o f the f o r c e 

method (Foner (1974) and (1975)) i s p o s s i b l e u s i n g a p p r o p r i a t e 

s i g n a l a m p l i f i c a t i o n t e c h n i q u e s . The major sources o f 

e r r o r (sample p o s i t i o n i n g , background f i e l d n o i s e and 

v i b r a t i o n a m p l i t u d e ) can a l l be e l i m i n a t e d t o f i r s t o r d e r 

( o r h i g h e r ) and, u n l i k e t h e f o r c e measurement t e c h n i q u e , 

th e a p p l i e d f i e l d can be swept t h r o u g h the complete magnet 

range. Problems caused by the s e n s i t i v i t y o f the VCM 

t o f i e l d i n homogeneity u s u a l l y r e s u l t i n a p r e f e r e n c e 

f o r t he VSM except a t v e r y low t e m p e r a t u r e s and f i e l d s , 

where t h e use o f a VCM avoids i n t r o d u c i n g v i b r a t i o n a l 

energy i n t h e specimen (Kaeser e t a l . ( 1 9 6 5 ) ) . 

A c o n s i d e r a t i o n of the above, t h e r e f o r e , r e s u l t e d 

i n t h e s e l e c t i o n o f a v i b r a t i n g sample magnetometer t o 

measure the v a r i a t i o n s i n magnetic b e h a v i o u r o f s m a l l 

p i p e - s t e e l s e c t i o n s . This c h a p t e r c o n t a i n s a d e t a i l e d 

d e s c r i p t i o n o f t h e development and performance o f t h e 

Durham VSM, t o g e t h e r w i t h a r e v i e w o f the r e l e v a n t l i t ­

e r a t u r e (see a l s o Hoon and W i l l c o c k ( 1 9 8 5 ) ) . 

4.2 H i s t o r i c a l development o f the VSM and p r i n c i p l e s 

o f i t s o p e r a t i o n 

The i n c e p t i o n o f the VSM arose d i r e c t l y from the 

use o f f l u x i n t e g r a t i o n magnetometry t e c h n i q u e s . Research 
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workers a t t h e t i m e ( P l o t k i n ( 1 9 5 1 ) , B l a c k e t t (1956), 
and Van Oos t e r h o u t (1956)) r e a l i z e d t h e d e s i r a b i l i t y 
o f v i b r a t i n g t h e sample near t h e search c o i l s . T his 
no t o n l y a l l o w e d r a p i d l y r e p e a t e d r e a d i n g s t o be made 
but p e r m i t t e d easy a m p l i f i c a t i o n o f t h e s i g n a l induced 
i n t h e se a r c h c o i l s due t o the a.c. n a t u r e o f t h i s s i g n a l . 
High s e n s i t i v i t y c o u l d a l s o be ach i e v e d by i n c r e a s i n g 
th e number o f t u r n s on the search c o i l s . The search 
c o i l impedance had been a l i m i t a t i o n w i t h the b a l l i s t i c 
g alvanometer due t o the low impedance o f t h i s i n s t r u m e n t , 
no l o n g e r a problem w i t h the h i g h impedance " e l e c t r o n i c " 
v o l t m e t e r used t o measure the a.c. s i g n a l . 

The p r i n c i p l e o f VSM o p e r a t i o n i s , t h e r e f o r e , based 

on t h e f a c t t h a t , as l o n g as t h e n o m i n a l l y d i p o l a r non­

u n i f o r m e x t e r n a l f i e l d ( h ( r ) ) a r i s i n g from t he magnetic 

moment o f t h e sample t h r e a d s t he d e t e c t i o n c o i l s , an 

e.m.f. i s indu c e d w i t h i n the c o i l s . I n p r i n c i p l e t h i s 

e.m.f. i s p r o p o r t i o n a l t o the magnetic moment o f the 

sample and, t h u s , a l s o i t s m a g n e t i z a t i o n . This can be 

expressed more f o r m a l l y by c o n s i d e r i n g , f o r convenience, 

a " o n e - d i m e n s i o n a l " system i n which a moment m̂  i s v i b r a t e d 

w i t h a m p l i t u d e a^ and fre q u e n c y w^ a l o n g z, the a x i s 

o f a t h i n c o i l . The i n s t a n t a n e o u s p o s i t i o n o f the moment 

r e l a t i v e t o the c o i l plane i s w r i t t e n 

z = z^ + a ^ e x p d w ^ t ) (4.1) o o ^ o 

and t h e induced e.m.f. I i s g i v e n by 

Z = (4.2) 
ot 
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where 0 i s t h e f l u x i n the c o i l system. The P r i n c i p l e 
o f R e c i p r o c i t y (Guy (1976)) a l l o w s us t o w r i t e 

i> = ^0 m • h (1) (4.3) 

which becomes 0 = | i m h ( z ) (4.4) 

i n t h e one d i m e n s i o n a l system c o n s i d e r e d here. 

Thus e q u a t i o n (4.2) becomes 

y - ., m /6h (z) \ 

and by s u b s t i t u t i n g e q u a t i o n (4.1) f o r z and expanding 

h ( z ) as a T a y l o r s e r i e s we have 

QQWO i 

2 
Qo^Wo e x p ( 2 i W o t ) + - • 

(4.6) 

The component o f the induced s i g n a l o f frequency 

equal t o t h e f r e q u e n c y o f v i b r a t i o n may, t h e r e f o r e , be 

w r i t t e n as 

where k i s a c o n s t a n t whose v a l u e i s s p e c i f i c t o the 

s a m p l e - c o i l geometry (see s e c t i o n 4 . 4). 

Thus t h e e.m.f. produced by the search c o i l s i s 

shown t o be p r o p o r t i o n a l t o t h e a m p l i t u d e (a^) and frequency 

(w ) o f v i b r a t i o n as w e l l as the magnetic moment (m ) o z 
o f t h e sample. 

The e a r l y VSM's d e s c r i b e d by B l a c k e t t (1956) and 

Van Oo s t e r h o u t (1956) were r e l a t i v e l y crude i n s t r u m e n t s 
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i n which t he sample moment, c o i l a x i s and v i b r a t i o n d i r e c t i o n 

were a l l c o l i n e a r (as c o n s i d e r e d above). Van Oosterhout 

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

w i t h t h e o u t p u t o b t a i n e d from t he s a t u r a t i o n moment o f 

a n i c k l e sample o f dimensions equal t o t h a t o f the t e s t 

sample, w h i l e B l a c k e t t p r e f e r r e d r e c o r d i n g t he c u r r e n t , 

i n a s m a l l c o i l s u r r o u n d i n g t he sample, r e q u i r e d t o achieve 

zero n e t s i g n a l . Both t e c h n i q u e s are v a l i d , a l t h o u g h 

the f o r m e r does n o t a l l o w f o r p o s s i b l e f l u c t u a t i o n s i n 

the v i b r a t i o n a m p l i t u d e o r f r e q u e n c y , w h i l e t he l a t t e r 

" D o m e nicali c o i l " t e c h n i q u e ( D o m e n i c a l i (1950)) r e q u i r e s 

the f i e l d f rom b o t h sample and c o i l t o be w e l l d e s c r i b e d 

by t he d i p o l e f i e l d . B l a c k e t t a l s o d e s c r i b e s t he use 

of a narrow band-pass f i l t e r / a m p l i f i e r tuned t o the v i b r a t i o n 

f r e q u e n c y (30 Hz) t o r e j e c t unwanted mains p i c k - u p . 

A much more r i g o r o u s approach t o the d e s i g n and 

o p e r a t i o n o f t h e VSM, however, was d e s c r i b e d by Foner 

(1956, 1959). F i g u r e s 4.1 and 4.2 show the apparatus 

used by Foner i n which t h e sample mo t i o n i s shown, f o r 

the f i r s t t i m e t o be p e r p e n d i c u l a r t o the a p p l i e d f i e l d . 

Measurements o f magnetic moment were r e c o r d e d by adding 

a p o r t i o n o f t h e r e f e r e n c e s i g n a l ( a p p r o p r i a t e l y phased) 

t o balance t h e sample s i g n a l . At balance the magnetic 

moment o f t h e sample i s p r o p o r t i o n a l t o the r e f e r e n c e 

v o l t a g e d i v i d e r s e t t i n g , and i s independent o f any changes 

o f v i b r a t i o n a m p l i t u d e , f r e q u e n c y o r a m p l i f i e r g a i n / l i n e a r i t y . 

The r e f e r e n c e s i g n a l was u s u a l l y d e r i v e d from a permanent 

magnet r e f e r e n c e sample, but p r o v i s i o n was a l s o made 

t o r e p l a c e t h i s by a s m a l l d.c. c o i l ( i n d i c a t e d by the 
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F i g u r e 4.1 The Foner magnetometer (Foner ( 1 9 5 9 ) ) . 
(1) loudspeaker t r a n s d u c e r , (2) c o n i c a l paper cup s u p p o r t , 
(3) d r i n k i n g s t r a w , (4) r e f e r e n c e sample, (5) sample, 
(6) r e f e r e n c e c o i l s , (7) sample c o i l s , (8) magnet p o l e s , 
(9) m e t a l c o n t a i n e r . 
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dashed l i n e s i n F i g u r e 4.2). The c u r r e n t t o the c o i l 

was r e g u l a t e d by a s e r v o - l o o p m o n i t o r i n g the n u l l o u t p u t 

s i g n a l , and a v o l t a g e p r o p o r t i o n a l t o t h i s b a l a n c i n g 

c u r r e n t was r e c o r d e d . C a l i b r a t i o n o f the complete system 

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

sample c o i l o r the s a t u r a t i o n moment o f a s m a l l sphere 

of pure n i c k e l . 

F i g u r e 4.2 a l s o shows the f i r s t r e p o r t e d use o f 

a phase s e n s i t i v e d e t e c t o r t o achieve s i g n a l t o n o i s e 

r a t i o enhancement. The phase s e n s i t i v e d e t e c t o r ( p . s . d . ) , 

sometimes r e f e r r e d t o as a l o c k - i n a m p l i f i e r / a n a l y s e r , 

can be r e g a r d e d as a narrow band pass f i l t e r / a m p l i f i e r 

w h ich " l o c k s i n " t o a f r e q u e n c y d e t e r m i n e d by an e x t e r n a l 

r e f e r e n c e source. By p r o v i d i n g the p.s.d. w i t h a r e f e r e n c e 

s i g n a l d e r i v e d f r o m the source o f sample v i b r a t i o n , t h e r e ­

f o r e , t h e i n s t r u m e n t w i l l o n l y measure the a m p l i t u d e 

of t h e p e r t i n e n t p a r t o f t h e search c o i l s i g n a l . Con­

s i d e r a b l e enhancement o f the s i g n a l t o n o i s e r a t i o ( > 80dB) 

i s p o s s i b l e w i t h r e s p e c t t o a w h i t e n o i s e background 

and, by o p e r a t i n g t h e VSM a t f r e q u e n c i e s w e l l removed 

from mains f r e q u e n c y ( o r i t s h a r m o n i c s ) , n o i s e from such 

sources can a l s o be r e j e c t e d . The use o f the p.s.d. 

w i t h VSM systems has, t h e r e f o r e , become r o u t i n e . 

The b e h a v i o u r o f t h e search c o i l systems as a f u n c t i o n 

o f sample d i s p l a c e m e n t was a l s o c o n s i d e r e d f o r the f i r s t 

t i m e by Foner. He p r e s e n t e d r e s u l t s showing the s e n s i t i v i t y 

f u n c t i o n ( c o i l o u t p u t versus sample d i s p l a c e m e n t ) f o r 

h i s c o i l systems and emphasized t h e importance o f p o s i t i o n i n g 

th e sample a t a " s a d d l e - p o i n t " , where the o u t p u t s i g n a l 
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i s independent o f s m a l l sample d i s p l a c e m e n t s i n any d i r e c t i o n 
(see S e c t i o n 4.4). By c o n n e c t i n g the p a i r o f c o i l s he 
used i n s e r i e s o p p o s i t i o n and r i g i d l y clamping them t o 
the magnet p o l e f a c e s , Foner a l s o achieved i n s e n s i t i v i t y 
t o magnetic f i e l d i n s t a b i l i t i e s and avoided mechanical 
c o u p l i n g between t h e v i b r a t i o n source and the c o i l s . 
The l a t t e r e f f e c t , i f p r e s e n t , r e s u l t s i n the g e n e r a t i o n 
of s i g n a l s o f t h e same fr e q u e n c y as t h a t o f the v i b r a t i n g 
sample t h a t are d i f f i c u l t t o r e j e c t even when u s i n g phase 
s e n s i t i v e d e t e c t i o n t e c h n i q u e s . 

The Foner magnetometer was h i g h l y s u c c e s s f u l and 

h i s d e s i g n and p r i n c i p l e o f o p e r a t i o n have, t h e r e f o r e , 

become g e n e r i c t o many subsequent VSM's. We n o t e , f o r 

example, t h a t the measurement t e c h n i q u e s used by S p r i n g f o r d 

e t a l . (1971) when d e s c r i b i n g the use o f a VSM w i t h a 

s u p e r c o n d u c t i n g s o l e n o i d magnet were f i r s t suggested by 

Foner ( 1 9 5 9 ) . A p a r t from f u r t h e r d e s c r i p t i o n s of VSM's 

f o r use a t low t e m p e r a t u r e s ( R e d f i e l d and M o l e s k i (1971) 

and Gerber e t a l . ( 1 9 8 2 ) ) , the m a j o r i t y of subsequent 

VSM l i t e r a t u r e has, t h e r e f o r e , been concerned w i t h the 

two main f e a t u r e s common t o a l l VSM's; the t r a n s d u c e r 

mechanism r e s p o n s i b l e f o r p r o v i d i n g the s t a b l e , p e r i o d i c 

sample v i b r a t i o n and the s t a t i o n a r y assembly o f d e t e c t i o n 

c o i l s . 

S p e c i f i c analyses o f v a r i o u s d e t e c t i o n c o i l systems 

have been p r e s e n t e d by Smith ( 1 9 5 6 ) , M a l l i n s o n (1966), 

S p r i n g f o r d e t a l . ( 1 9 7 1 ) , Bowden (1972) and Guy (1976 a , 

b ) , w h i l e , more r e c e n t l y ^ c o m p r e h e n s i v e s t u d i e s o f the 

r e l a t i v e m e r i t s o f more g e n e r a l c o i l geometries have 
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been d e s c r i b e d by Pacyna ( 1 9 8 2 ) , Zieba and Foner (1982a) 
and Pacyna and Ruebenbauer ( 1 9 8 4 ) . I n p r a c t i c e , however, 
t h e d e t e c t i o n c o i l geometry i s o f t e n d i c t a t e d by p h y s i c a l 
c o n s t r a i n t s , such as magnetic f i e l d o r i e n t a t i o n , i t s 
u n i f o r m i t y and access, rather t h a n s i m p l y the t h e o r e t i c a l 
e f f i c i e n c y and s i g n a l t o n o i s e r a t i o (Hoon and W i l l c o c k 
( 1 9 8 5 ) ) . 

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

v i b r a t i o n has a l s o been d e s c r i b e d . Flanders and Doyle 

( 1 9 6 2 ) , Noakes e t a l . ( 1 9 6 8 ) , and R e d f i e l d and M o l e s k i 

(1971) have, f o r example, d e s c r i b e d v a r i o u s motor and 

c r a n k arrangements. Foner (1956, 1959), S p r i n g f o r d e t 

a l . ( 1 9 7 1 ) , Hoon (1983) and most commercial designs have 

used e l e c t r o - m e c h a n i c a l " l o u d s p e a k e r " t r a n s d u c e r s , w h i l s t 

Mangum and T h o r n t o n (1970) have employed a p i e z o e l e c t r i c 

"bimorph" s u i t a b l e f o r t h e v i b r a t i o n o f s m a l l sample 

masses i n c o n f i n e d volumes. 

The " l o u d s p e a k e r " t y p e o f t r a n s d u c e r s , w h i l s t i n h e r e n t l y 

s i m p l e and m e c h a n i c a l l y q u i e t , must, i n g e n e r a l , be c a r e ­

f u l l y s t a b i l i z e d w i t h s u i t a b l e e l e c t r o n i c feedback networks 

i f t h e y are t o e x h i b i t l o n g term a m p l i t u d e and frequency 

s t a b i l i t y . F u r t h e r , the t r a n s d u c e r must be capable o f 

d i s s i p a t i n g q u i t e l a r g e amounts o f power i n apparatus 

i n c o r p o r a t i n g e i t h e r l a r g e sample masses (e.g. weakly 

magnetic paleomagnetic r o c k samples) or l o n g sample rods 

(such as are necessary -in deep s u p e r c o n d u c t i n g magnet 

c r y o s t a t s ) . On t h e o t h e r hand, motor and crank mechanical 

t r a n s d u c e r s , w h i l s t more m e c h a n i c a l l y complex, are s i m p l e r 

e l e c t r o n i c a l l y , h a v i n g e x c e l l e n t s t a b i l i t y , a l t h o u g h 
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t h e y are o f t e n c r i t i c i z e d as b e i n g m e c h a n i c a l l y n o i s y . 

Mechanical n o i s e , however, i s u s u a l l y the r e s u l t o f 

i n a d e q u a t e b a l a n c i n g and mechanical i s o l a t i o n and a 

mechanical double crank d e s i g n , used on the Durham VSM, 

has r e c e n t l y been r e p o r t e d (Hoon and W i l l c o c k (1985)) 

from which such problems are almost t o t a l l y absent. 

4.3 The Durham VSM Hardware 

4 . 3 ( i ) The double crank VSM and motor d r i v e 

A d e t a i l o f t h e double throw crank used on the Durham 

VSM i s shown i n F i g u r e 4.3. This p r e c i s i o n component 

comprises o f 3 s e c t i o n s , d r i v i n g , d r i v e n and 180° c r a n k - p i n 

c e n t r a l web a s s e m b l i e s , which are t u r n e d from brass and 

j o i n e d t o g e t h e r by demountable s p l i t tube p i n s . The 

180° double c r a n k - p i n d e s i g n p r o v i d e s the s u c c e s s f u l 

s o l u t i o n t o t h e problem o f mechanical n o i s e m i n i m i z a t i o n 

i n motor d r i v e n V.S.M's. I t achieves t h i s by c a r e f u l 

s t a t i c b a l a n c i n g o f the masses a t t a c h e d t o each c r a n k - p i n 

(sample r o d , d r i v e r o d s , aluminium con rods e t c . ) and 

by v i r t u e o f the 180° d i s p o s i t i o n o f the c r a n k - p i n s on 

t h e c e n t r a l web. Out o f balance dynamic f o r c e s are m i n i m i z e d , 

t h e r e f o r e , and no n e t work i s done a g a i n s t g r a v i t y , r e s u l t i n g 

i n v e r y smooth r u n n i n g . The bob w e i g h t s on the upper 

b a l a n c i n g s h a f t may e a s i l y be trimmed t o p e r m i t b a l a n c i n g 

o f w i d e l y d i f f e r i n g sample and sample r o d masses. 

The double c r a n k d e s i g n i s c l e a r l y - r a t h e r more 

s o p h i s t i c a t e d t h a n the simple designs o f Flanders and 

Doyle ( 1 9 6 2 ) , Noakes e t a l . ( 1 9 6 8 ) , and R e d f e l d and Moleski 

(1971) which e i t h e r employed no con r o d or c o n t a i n e d 
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Auxiliary detection 
coils 

Brass can 

Precision recycling ball 
linear bearings 

Aluminium casing 

Aluminium 
con rods 

Precision recycling 
ball linear bearings 

c n_r b 

BNC electrical 
connectors 

Constant current 
reference coil 

Balancing bob 
weights 

Hardened silver steel 
balancing shaft 

Electrical lead-out 

Hardened silver 
steel shaft 

Borosilicate 
sample rod 

F i g u r e 4.4 (a) and (b) ( o v e r l e a f ) . D e t a i l o f d e s i g n and 
c o n s t r u c t i o n o f VSM v i b r a t i n g head assembly. 
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The means o f r o t a t i o n o f the V.S.M. crank i s p r o v i d e d 
by a low n o i s e synchronous 3 phase s t a r wound h y s t e r e s i s 
i n d u c t i o n motor (240V, 50W) which runs a t h a l f supply 
f r e q u e n c y , thus m i n i m i z i n g the p o s s i b i l i t y o f cross t a l k 
w i t h t h e s i g n a l c h a n n e l . A 2 |iF phase s h i f t i n g c a p a c i t o r 
connected between two o f t h e s t a t o r w i n d i n g s enables 
th e motor t o be r u n from a s i n g l e phase supply and d e t e r ­
mines i t s r o t a t i o n d i r e c t i o n . A v a r i a b l e frequency s i n e • 
wave g e n e r a t o r . Quad 50E commercial audio a m p l i f i e r and 
m a t c h i n g t r a n s f o r m e r p r o v i d e the v a r i a b l e frequency 240 V 
a.c. motor s u p p l y . The motor f r e q u e n c y i s c o n t i n u o u s l y 
v a r i a b l e i n t h e range 15 t o 70 Hz a l t h o u g h t o a v o i d mains 
s u p p l y harmonics, mechanical resonances and n o i s e , 
o s c i l l a t o r f r e q u e n c i e s i n the range 62 t o 76 Hz (motor 
r o t a t i o n 31 t o 38 Hz) have been found p r e f e r a b l e . I f 
p h a s i n g o r a n t i - p h a s i n g o f t h e motor d r i v e w i t h r e s p e c t 
t o an e x t e r n a l r e f e r e n c e o r n o i s e source i s necessary 
t h i s i s s i m p l y a c h i e v e d by phase s h i f t i n g the o s c i l l a t o r 
s i g n a l p r i o r t o a m p l i f i c a t i o n . The a b s o l u t e frequency 
s t a b i l i t y o f t h e v i b r a t i n g sample i s c l e a r l y t w i c e t h a t 
o f t h e d r i v e f r e q u e n c y as the maximum r a t e d t o r q u e i s 
w e l l i n excess o f t h e dynamic l o a d and i s , t h e r e f o r e , 
t y p i c a l l y s t a b l e t o p a r t s i n 10^. A m p l i t u d e s t a b i l i t y 
i s d i c t a t e d by mechanical t o l e r a n c e s alone and v a r i a t i o n s 
o f 10 |im compared t o the crank throw o f 3.00 mm are a l s o 
t y p i c a l . 

4 . 3 ( i i ) The Magnet, Power Supply and VSM head mounting 

assembly 

S t a t i c magnetic f i e l d s up t o 1.3T ( a t 30A) are p r o v i d e d 
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by an 8 i n c h a i r - c o o l e d Newport I n s t r u m e n t s Type D e l e c t r o ­
magnet employing double t a p e r p o l e t i p s w i t h a face diameter 
o f 100 mm and a 59.1 mm a i r gap. The d e s i g n o f the pole 
t i p s ( F i g u r e 4.5) f e a t u r e s a compromize between removing 
a l l f e r r o m a g n e t i c m a t e r i a l which subtends an angle o f 
g r e a t e r t h a n ~ 55° from the po l e a x i s , thus maximizing 
t h e a i r gap f i e l d ( Z i j l s t r a (1967 a ) ) , and e n s u r i n g t h a t 
t h e c o r r e c t l y d esigned search c o i l s (see S e c t i o n 4.4) 
are mounted i n a u n i f o r m f i e l d r e g i o n . The f i e l d u n i f o r m i t y 
i n t h e gap has been de t e r m i n e d e x p e r i m e n t a l l y by c a r e f u l l y 
mapping o u t t h e s p a t i a l f i e l d i n t e n s i t y w i t h t h e a i d 
of a H a l l - e f f e c t probe gaussmeter. For f i e l d s between 
0 and 1 t e s l a t h e homogeneity was found t o be b e t t e r 
t h a n 0.27o w i t h i n a sphere o f r a d i u s 10 mm c e n t r e d on 
the sample p o s i t i o n . The f i e l d volume, thus d e s c r i b e d , 
more t h a n a d e q u a t e l y c o n t a i n s t he e n t i r e range o f sample 
volumes used on t h e VSM. The f i e l d homogeneity d a t a , 
some o f which i s i l l u s t r a t e d i n F i g u r e 4.6, thus a l l o w s 
the l o c a l e x t e r n a l f i e l d a c t i n g on the sample t o be 
p r e d i c t e d a c c u r a t e l y from a f i e l d measurement a t a p o s i t i o n 
s i g n i f i c a n t l y removed from t he c e n t r a l r e g i o n o f the 
magnet a i r gap. 

The magnet c u r r e n t i s s u p p l i e d by a Newport I n s t r u m e n t s 

C224 350 v o l t - 3 0 amp. su p p l y which c o n s i s t s o f a c o n t r o l 

u n i t and t h r e e phase motor g e n e r a t o r . W h i l s t the c u r r e n t 

s t a b i l i t y o f t h i s s u p p l y i s good ( 1 p a r t i n 10^ per hour) 

t h e r e i s t h e i n e v i t a b l e presence o f some r i p p l e which 

y i e l d s r i p p l e f i e l d a m p l i t u d e s o f 2 |iT a t zero d.c. f i e l d 

and 6 ^lT a t I T . The r i p p l e f i e l d i s p r e d o m i n a n t l y 50 Hz 
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F i g u r e 4.6 F i e l d v a l u e s ( i n t e s l a ) measured on s u r f a c e of 
cube of s i d e 20mm c e n t r e d on sample p o s i t i o n . 
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but some 24 Hz a l s o appears as the c o i l c u r r e n t i s i n c r e a s e d . 
The 24 Hz component has i t s o r i g i n i n the g e n e r a t o r , t h i s 
b e i n g t h e t h r e e phase g e n e r a t o r commutator s l i p f i e l d 
f r e q u e n c y . A l t h o u g h t he p e r p e n d i c u l a r d e t e c t i o n c o i l 
geometry p r e f e r r e d by t h e a u t h o r i s s e n s i t i v e t o the 
r i p p l e f i e l d v a r i a t i o n s when i n d i v i d u a l c o i l s are con­
s i d e r e d , a r i p p l e f i e l d r e j e c t i o n r a t i o o f 10"*^ has been 
a c h i e v e d compared t o the s i n g l e c o i l case by c a r e f u l l y 
b a l a n c i n g t h e composite d e t e c t i o n c o i l system (see s e c t i o n 
4 . 4 ( i i i ) ) . 

The e l e c t r o m a g n e t y o k e / c o i l / p o l e - p i e c e assembly 

i s secured t o i t s f i x e d base v i a a r o t a t i n g t a b l e which 

a l l o w s t h e independent r o t a t i o n o f t h e magnet t h r o u g h 

a f u l l 360° a n g l e . The VSM v i b r a t o r head ( d e s c r i b e d 

e a r l i e r ) forms p a r t o f a head p l a t e assembly which i s 

p l a c e d on a t a b l e t h a t i s r i g i d l y a t t a c h e d t o the same 

magnet base i n such a way t h a t i t does n o t h i n d e r the 

r o t a t i o n o f t h e magnet. This f a c i l i t a t e s the study o f 

th e a n g u l a r dependence o f m a g n e t i z a t i o n once g r e a t care 

has been t a k e n t o a c c u r a t e l y c e n t r e b o t h t he sample and 

magnet a i r gap on the r o t a t i o n a x i s . 

The t r a n s m i s s i o n o f v i b r a t i o n from t he VSM head 

p l a t e assembly t o the s u p p o r t t a b l e i s p r e v e n t e d by a 

pneumatic i s o l a t i o n c o l l a r p l a c e d between the two ( F i g u r e 

4 . 7 ) . The s u p p o r t t a b l e a l s o has f o u r t a p e r e d p r o t r u s i o n s 

and clamps which a l l o w t h e head p l a t e and t a b l e t o be 

r i g i d l y clamped t o each o t h e r when l o a d i n g or u n l o a d i n g 

samples, thus p r e v e n t i n g l a t e r a l movement o f the p l a t e 

on t he i s o l a t i o n c o l l a r . Movement o f t h i s k i n d i s u n d e s i r a b l e 
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F i g u r e 4.7 (a) and (b) ( o v e r l e a f ) . D e t a i l o f d e s i g n and 
c o n s t r u c t i o n o f VSM head p l a t e assembly, i s o l a t i o n c o l l a r , 
s u p p o r t t a b l e and v e r t i c a l guide b a r s . 
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as i t c o u l d r e s u l t i n t h e di s p l a c e m e n t o f the VSM away from 
th e s addle p o i n t o f the search c o i l s s e n s i t i v i t y f u n c t i o n . 

4 . 3 ( i i i ) The V a r i a b l e Temperature C r y o s t a t 

A c o n v e n t i o n a l O x f o r d I n s t r u m e n t s CF 1200 heli u m 

gas f l o w c r y o s t a t o p e r a t i n g i n the range 4.2 t o 500°K 

has been i n c o r p o r a t e d i n t o t h e VSM d e s i g n as a demountable 

f i t t i n g . S p e c i a l a t t e n t i o n has been p a i d t o mounting 

th e c r y o s t a t p o s i t i v e l y w i t h two q u i c k - r e l e a s e clamps 

which p e r m i t t he r o t a t i o n o f the magnet independent o f 

the c r y o s t a t , h e l i u m t r a n s f e r system and dewar. One, 

a x i a l l y mounted, s u p p o r t s t he t a i l o f the c r y o s t a t from 

th e magnet base, w h i l e t h e o t h e r , which s u p p o r t s t he 

upper s e c t i o n o f the c r y o s t a t , i s f i t t e d i n t o a r a d i u s e d 

c u t - o u t i n the upper yoke o f the magnet. Both clamps 

have been made and f i t t e d t o a h i g h t o l e r a n c e i n o r d e r 

t h a t t h e a x i s o f t h e c r y o s t a t ' s sample space and the 

r o t a t i o n a x i s o f t h e magnet are c o i n c i d e n t . This arrangement 

p r e v e n t s s y m p a t h e t i c v i b r a t i o n o f the c r y o s t a t , thus 

a v o i d i n g n o i s e g e n e r a t i o n a t h i g h f i e l d s , does not r e s t r i c t 

m a g n e t i z a t i o n measurements as a f u n c t i o n o f angle and 

ensures a c c u r a t e and r e p e a t a b l e sample l o c a t i o n . 

The c e n t r i n g o f the sample w i t h r e s p e c t t o the c r y o s t a t 

i s a ssured by a PTFE ( p o l y t e t r a f l u o r o e t h y l e n e ) s l i d e 

b e a r i n g on the bottom o f the sample r o d which l o c a t e s 

on t he c r y o s t a t sample space w a l l . The l o a d i n g and removal 

o f samples i n and from t he c r y o s t a t i s f a c i l i t a t e d by 

mounting t h e v i b r a t o r head on d e t a c h a b l e v e r t i c a l guide 

bars w i t h i n t h e head p l a t e assembly (see F i g u r e 4.7). 
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Al s o i n c o r p o r a t e d i n t h i s assembly i s a p r e c i s i o n x-y 
movement mechanism, c o n s t r u c t e d o f 12.7mm non-magnetic 
s t a i n l e s s s t e e l bars and phosphor bronze b e a r i n g s , which 
p e r m i t s a c c u r a t e p o s i t i o n i n g o f the sample support r o d 
w i t h r e s p e c t t o t h e neck o f the c r y o s t a f ( F i g u r e 4.8). 
T h i s i n c r e a s e s t h e r e p e a t a b i l i t y and accuracy o f sample 
p o s i t i o n i n g f u r t h e r by m i n i m i z i n g p i v o t i n g o f the sample 
r o d about t h e l o w e r PTFE b e a r i n g which may o t h e r w i s e 
o c c u r . 

A gold-0.07 i r o n - c h r o m e l thermocouple , a t t a c h e d 

t o t h e h e a t e r b l o c k a t the base o f the sample space, 

measures t he sample space t e m p e r a t u r e . W h i l s t t h i s method 

o f t e m p e r a t u r e measurement i s not e n t i r e l y f i e l d independent, 

the f l u c t u a t i o n i n the thermocouple e.m.f. observed 

by t he a u t h o r , l e s s t h a n O.l^KT"''" between 0 and 1 t e s l a , 

was comparable w i t h t h e a b s o l u t e p r e c i s i o n o f such thermo­

c o u p l e s . F a i l u r e t o check t he magnitude o f the f i e l d 

dependence o f t h e tem p e r a t u r e sensors, which i s h i g h l y 

s p e c i f i c t o b o t h sensor type and system geometry, can 

cause s i g n i f i c a n t e r r o r s i n thermometry (Sample and Rubin 

(1977) ) . 

For a more p r e c i s e d e t e r m i n a t i o n o f the sample temp­

e r a t u r e an a d d i t i o n a l sensor (carbon g l a s s r e s i s t o r o r 

thermocouple) may be passed down the sample support r o d 

and p l a c e d a d j a c e n t t o the sample. The disadvantage 

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

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

o f f s e t i n automated apparatus where s u b t r a c t i o n o f the 

f i e l d dependent r e s i d u a l s i g n a l from the raw data s e t 



F i g u r e 4.8 I l l u s t r a t i o n o f d e s i g n and c o n s t r u c t i o n o f 
p r e c i s i o n x-y movement mechanism which forms p a r t of 
VSM head p l a t e assembly. 
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F i g u r e 4.9 D e t a i l o f ciesign and c o n s t r u c t i o n o f c o u p l i n g 
between gas f l o w c r y o s t a t and VSM v i b r a t i n g head s e c t i o n . 
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th e a x i s o f sample v i b r a t i o n ( Foner ( 1 9 5 9 ) , (1974) and 

(1975) , M a l l i n s o n ( 1 9 6 6 ) , Bowden ( 1 9 7 2 ) , Bragg and Seehra 

(1976) , Guy (1976a,b), Pacyna ( 1 9 8 2 ) , Zieba and Foner 

(1982a) and Pacyna and Ruebenbauer ( 1 9 8 4 ) ) . Attempts 

have been made t o q u a n t i f y t h e d e t e c t i o n s e n s i t i v i t y 

and e f f i c i e n c y o f such systems b o t h e x p e r i m e n t a l l y (Foner 

( 1 9 5 9 ) , Case and H a r r i n g t o n ( 1 9 6 6 ) , and Bowden (1972)) 

and t h e o r e t i c a l l y ( M a l l i n s o n ( 1 9 6 6 ) , Bragg and Seehra 

( 1 9 7 6 ) , Guy (1976b), Pacyna ( 1 9 8 2 ) , Zieba and Foner (1982a) 

and Pacyna and Ruebenbauer ( 1 9 8 4 ) ) , and t h e e x i s t e n c e 

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

the s u p e r i o r i t y o f s p e c i f i c c o i l systems i s p r i n c i p a l l y 

due to. d i f f e r i n g d e f i n i t i o n s o f d e t e c t i o n e f f i c i e n c y . 

To t h i s end, W i l l c o c k and Hoon have t r i e d , i n a r e c e n t 

paper (Hoon and W i l l c o c k (1985)), t o a l l a y f u r t h e r c o n f u s i o n 

by p r e s e n t i n g g e n e r a l comments p e r t i n e n t t o a p r a c t i c a l 

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

c o i l systems based on a c o n s i s t e n t d e f i n i t i o n . 

A l l t h e o r e t i c a l c o n s i d e r a t i o n s o f d e t e c t i o n c o i l system 

response i n v o l v e s t h e c a l c u l a t i o n o f a s e n s i t i v i t y f u n c t i o n 

G ( r ) which c h a r a c t e r i z e s the dependence o f the induced s i g n a l 

upon t h e p o s i t i o n and o r i e n t a t i o n o f the magnetic moment 

and p i c k - u p c o i l geometry. The e x p l i c i t form o f G ( r ) 

depends on t h e adopted approach t o c a l c u l a t i o n , whether 

by c o n s i d e r a t i o n o f the f i e l d from a p o i n t d i p o l e (Pacyna 

and Ruebenbauer (1984)) o r by use o f the P r i n c i p l e o f 

R e c i p r o c i t y ( Zieba and Foner (1982a)), but the ge n e r a l 

e q u i v a l e n c e o f e i t h e r method i s ap p a r e n t . The d e s i g n 

o f a s u i t a b l e c o i l system corresponds t o maximizing t he 
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s e n s i t i v i t y f u n c t i o n o f the d e t e c t i o n c o i l a r r a y , w h i l s t 
p o s i t i o n i n g t h e c o i l s such t h a t G ( r ) i s c o n s t a n t i n the 
r e g i o n o f t h e v i b r a t i n g sample ( r = £ Q ) • I d e a l l y a broad 
saddle p o i n t r e g i o n ( f o r which ^ G ( r ^ ) - > 0 ) occurs about 
r ^ i n a l l d i s p l a c e m e n t d i r e c t i o n s . T h i s ensures m i n i m i z i n g 
c a l i b r a t i o n e r r o r s due t o sample p o s i t i o n i n g e r r o r s and 
i t a l s o m i n i m i z e s t h e s e n s i t i v i t y o f the d e t e c t i o n c o i l 
a r r a y t o sample shape e f f e c t s ( F o i l e s and McDaniel ( 1 9 7 4 ) ) . 

I n p r a c t i c e i t i s e x t r e m e l y d i f f i c u l t t o achieve 

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

e i t h e r an u n a c c e p t a b l e r e d u c t i o n i n the a b s o l u t e v a l u e 

o f G ( r ) o r r e s o r t i n g t o complex m u l t i p l e c o i l a r r a y s 

(Bowden ( 1 9 7 2 ) ) . I t i s a l s o d i f f i c u l t , i n p r a c t i c e , 

t o p r e d i c t c o i l dimensions from " i d e a l " v a l u e s o f G ( r ) 

chosen a p r i o r i , and i t has been p o i n t e d out (Hoon and 

W i l l c o c k (1985)) t h a t much q u a l i t a t i v e i n f o r m a t i o n about 

th e b e h a v i o u r o f d e t e c t i o n c o i l systems can be e x t r a c t e d 

f rom a c a r e f u l c o n s i d e r a t i o n o f t h e components of the 

d i p o l e f i e l d a p p r o p r i a t e t o the c o i l c o n f i g u r a t i o n used. 

4 . 4 ( i i ) The s e l e c t i o n o f a d e t e c t i o n c o i l system 

A c o n s i d e r a t i o n o f the d e t e c t i o n c o i l systems capable 

o f d e t e c t i n g t h e component o f sample moment c o l i n e a r 

w i t h t h e e x t e r n a l f i e l d (B) and p e r p e n d i c u l a r t o the 

a x i s o f sample v i b r a t i o n (a) must i n c l u d e the geometries 

o f Foner, M a l l i n s o n and Bowden. The d i f f e r e n c e between 

these s p e c i f i c c o i l geometries i s i n d i c a t e d by F i g u r e 

4.10. I t can be seen t h a t : -
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F i g u r e 4.10 Comparison o f the d e t e c t i o n c o i l geometries 
(b) Foner, ( c ) M a l l i n s o n and (d) Bowden. (a) d e f i n e s 
t h e c o o r d i n a t e system,and the e l e c t r i c a l sense i n which 
t h e i n d i v i d u a l c o i l s are i n t e r c o n n e c t e d i s i n d i c a t e d 
by the a r r o w s . 
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( i ) t h e c o i l a x i s (n) i s p a r a l l e l t o the v i b r a t i o n a x i s 

f o r Foner's two o r f o u r c o i l geometry ( i . e . a.n = 1 and 

m. n = 0 ) . 

( i i ) t h e c o i l a x i s i s p a r a l l e l t o the moment d i r e c t i o n 

f o r M a l l i n s o n ' s f o u r c o i l geometry ( i . e . a.n = 0 and 

m.n = 1 ) , w h i l e 

( i i i ) t h e c o i l a x i s i s o r t h o g o n a l t o b o t h a and m f o r 

Bowden's e i g h t c o i l geometry ( i . e . a.n = 0 and m.n = 0) 

and, a f t e r much c o n s i d e r a t i o n o f and d e l i b e r a t i o n over 

t h e r e l a t i v e m e r i t s o f these s p e c i f i c systems as d e s c r i b e d 

i n t he l i t e r a t u r e , M a l l i n s o n ' s geometry was s e l e c t e d 

as b e i n g the most s u i t a b l e f o r the Durham VSM. The main 

reasons f o r t h i s c h o i c e are summarized below, but the 

r e a d e r i s a l s o r e f e r r e d t o Hoon and W i l l c o c k ( 1 9 8 5 ) . 

Bowden's geometry r e q u i r e s t h e use o f e i g h t i d e n t i c a l 

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

t o t he sample and the magnet a i r - g a p f i e l d . The main 

advantage o f t h i s system i s t h a t i t i s capable o f a c h i e v i n g 

v e r y broad saddle p o i n t r e g i o n s . Indeed, Bowden has 

shown (Bowden ( 1 9 7 2 ) ) t h a t s i g n a l changes o f l e s s than 

17o are observed f o r sample d i s p l a c e m e n t s o f - 2.6 mm, 

- 6.4 mm and - 4.8 mm i n the m, n and a d i r e c t i o n s r e s ­

p e c t i v e l y u s i n g such a system. These f i g u r e s are a t 

l e a s t an o r d e r o f magnitude b e t t e r t h a n any o t h e r s p r e v i o u s l y 

r e p o r t e d (Foner (1959) and Case and H a r r i n g t o n ( 1 9 6 6 ) ) 

and, as such, r e p r e s e n t a s i g n i f i c a n t improvement i n 

c o i l system d e s i g n . The disadvantages o f the d e s i g n , 

however, are numerous and i n c l u d e the c o m p l e x i t i e s o f 

m a n u f a c t u r i n g , b a l a n c i n g and p o s i t i o n i n g the whole system 
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w i t h i n t h e magnet f i e l d gap. The e x i s t e n c e o f these 

d i f f i c u l t i e s , t h e r e f o r e , were c o n s i d e r e d t o outweigh 

the advantage o f an e x c e l l e n t saddle p o i n t r e g i o n , thus 

r e s u l t i n g i n t h e r e j e c t i o n o f t h i s c o i l geometry. 

The comparison o f Foner's and M a l l i n s o n ' s geometry 

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

c l a i m s o f system s u p e r i o r i t y i n the l i t e r a t u r e . D e t a i l e d 

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

the a v a i l a b l e magnet a i r - g a p volume f o r p o s i t i o n i n g d e t ­

e c t i o n c o i l s , however, i n d i c a t e q u i t e c l e a r l y which system 

i s capable o f t h e g r e a t e r s i g n a l o u t p u t . 

Using t h e c o o r d i n a t e system d e f i n e d by f i g u r e 4.11 

(where t h e u n i t v e c t o r s x and z are i d e n t i c a l t o the 

v e c t o r s m and a o f F i g u r e 4.10) i t i s obvious t h a t the 

se t o f d e t e c t i o n c o i l s i n b o t h Foner's and M a l l i n s o n ' s 

geometry are o n l y s e n s i t i v e t o changes i n the f i e l d com­

ponent B a r i s i n g from the v i b r a t i n g moment. Assuming 

the f i e l d e x t e r n a l t o the moment t o be w e l l d e s c r i b e d 

by t h e d i p o l e f i e l d ( F o i l e s and McDaniel (1974)) we have: 

g_ - P L Q _ 3(m.j:) Ji N (4.8) 

and hence = ^ 3 cos2 (|) cos2 0-1 ̂  (4.9) 

f o r a l l 0 , ̂  and r . 

Constant B c o n t o u r s , c a l c u l a t e d from e q u a t i o n ( 4 . 9 ) , 

are shown i n F i g u r e 4.12, p l o t t e d as a f u n c t i o n o f r 

and G w i t h i n t h e x-z p l a n e . I t i s noted t h a t B i s a x i a l l y 

symmetric about t he x a x i s and F i g u r e 4.12, t h e r e f o r e , 

r e p r e s e n t s s u f f i c i e n t i n f o r m a t i o n t o a l l o w a meaningful 



n 

(a) (b) 

m 

( c ) 

F i g u r e 4.11 (a) D e f i n i t i o n o f x, y, z c o o r d i n a t e 
system as used t o d e s c r i b e (b) 7'oner's and ( c ) 
M a l l i n s o n ' s c o i l g eometries (see t e x t ) . 
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d i s c u s s i o n o f d e t e c t i o n c o i l response. 

An exa c t c a l c u l a t i o n o f the response o f Foner's 

or M a l l i n s o n ' s c o i l system r e q u i r e s t he c a l c u l a t i o n o f 
^^x 

t h e i n t e g r a l o f t a k e n over t h e complete area o f 

th e c o i l system. U n f o r t u n a t e l y , i t i s not p o s s i b l e t o 

o b t a i n such e x p r e s s i o n s i n c l o s e d f o r m , thus n e c e s s i t a t i n g 

th e use o f a harmonic s e r i e s o f Legendre p o l y n o m i a l s 

( Z i e b a and Foner (1982a)) or l i n e a r c o m b i n a t i o n o f complete 

e l l i p t i c i n t e g r a l s (Pacyna and Ruebenbauer (1984)) when 

making these c a l c u l a t i o n s . The use o f the two d i m e n s i o n a l 

approach t o c o i l d e s i g n , however, a l l o w s the d e t e c t i o n 

c o i l s t o be mode l l e d by f o r w a r d and r e t u r n c o n d u c t i n g 

s e c t i o n s and p e r m i t s q u a l i t a t i v e comparisons o f the two 

c o i l systems t o be made. 

The two d i m e n s i o n a l a p p r o x i m a t i o n , f i r s t suggested 

and used by M a l l i n s o n ( M a l l i n s o n ( 1 9 6 6 ) ) , c o n s i d e r s the 

d i f f e r e n c e i n t h e e.m.f. induced i n t h e f o r w a r d and r e t u r n 

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

o u t p u t . An i n s p e c t i o n o f F i g u r e 4.12 r e v e a l s t h a t , f o r 

v a l u e s o f 0 > 55°, t h e r e i s a r e v e r s a l i n the s i g n 

o f B f i r s t p o i n t e d out by M a l l i n s o n . W i t h t he f o r w a r d 

c o n d u c t o r p o s i t i o n e d a t A, p l a c i n g t he r e t u r n conductor 

i n t h i s n e g a t i v e r e g i o n ( f o r example a t B ) , t h e r e f o r e , 

serves t o enhance t h e c o i l o u t p u t because the e.m.f. 

in d u c e d i n b o t h c o n d u c t o r s i s i n t h e o p p o s i t e d i r e c t i o n 

( i . e . i n t h e same c o i l s ense). The exact p o s i t i o n o f 

th e p o i n t B above t h e 55° l i n e i s n o t c r i t i c a l , but con­

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

o f t h e u n i f o r m a i r - g a p f i e l d may, i n p r a c t i c e , l i m i t 
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t h e d i a m e t e r o f t h e c o i l . The p o s i t i o n i n g o f the f o r w a r d 

and r e t u r n c o n d u c t o r s f o r a Foner c o i l o f i d e n t i c a l diameter 

i s i n d i c a t e d by p o s i t i o n s A and C r e s p e c t i v e l y . Here, 

t h e e.m.f. i n b o t h c o n d u c t o r s i s induced i n the same 

d i r e c t i o n ( o p p o s i t e c o i l sense) and the net c o i l o u t p u t 

i s dependent on t h e r f a l l o f f o f B w i t h r . The d i s t a n c e 

OA i s n o r m a l l y d e t e r m i n e d by a p h y s i c a l c o n s t r a i n t , such 

as t h e presence o f a v a r i a b l e t e m p e r a t u r e c r y o s t a t , and 

t h e comparison o f the o u t p u t o f i d e n t i c a l Foner and 

M a l l i n s o n c o i l s , s u b j e c t t o t h i s c o n s t r a i n t , f a v o u r s 

t h e l a t t e r . 

Once f u r t h e r p h y s i c a l c o n s t r a i n t s on c o i l s i z e are 

c o n s i d e r e d , f o r example the a i r - g a p volume a v a i l a b l e 

f o r s i t i n g d e t e c t i o n c o i l s , t he comparison between Foner 

and M a l l i n s o n c o i l s can, no l o n g e r , c o n s i d e r i d e n t i c a l 

d i a m e t e r c o i l s . The a v a i l a b l e a i r - g a p , u s u a l l y d e f i n e d 

by the d i f f e r e n c e between magnet p o l e s e p a r a t i o n and 

c r y o s t a t d i a m e t e r , must c o n t a i n f o r w a r d and r e t u r n conductor 

w i n d i n g s as w e l l as c o i l f o r m e r m a t e r i a l i n the Foner 

system, whereas t h e whole o f t h i s r e g i o n may be occupied 

by the f o r w a r d c o n d u c t o r w i n d i n g s alone i n the M a l l i n s o n 

system. A g r e a t e r number o f w i n d i n g s i s p o s s i b l e , t h e r e f o r e , 

w i t h the M a l l i n s o n geometry and t h i s , combined w i t h the 

now reduced d i a m e t e r Foner c o i l s , serves t o i n c r e a s e 

f u r t h e r the o u t p u t o f t h e M a l l i n s o n system w i t h r e s p e c t 

t o t h a t o f Foner. Another l e s s obvious advantage o f 

M a l l i n s o n ' s c o i l system a r i s e s from a c o n s i d e r a t i o n of 

magnet images. T h i s e f f e c t w i l l be d i s c u s s e d i n g r e a t e r 

d e t a i l l a t e r (see S e c t i o n 4.7) and i t i s s u f f i c i e n t t o 



93 

s t a t e here t h a t t h e i n e v i t a b l e presence o f images i n 

c o n v e n t i o n a l e l e c t r o m a g n e t s serves t o enhance the s i g n a l 

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

i n d u c e d i n Foner c o i l s . 

The main c r i t i c i s m o f M a l l i n s o n ' s d e t e c t i o n c o i l 

geometry which has been p o i n t e d o u t many times i n the 

l i t e r a t u r e (see, f o r example, Bowden (1972) and Zieba 

and Foner (1982a)) i s t h a t t h e i n d i v i d u a l c o i l s are d i r e c t l y 

s e n s i t i v e t o f i e l d f l u c t u a t i o n s and the r i p p l e o f the 

d.c. f i e l d i n p a r t i c u l a r . T h i s , however, need not be 

a problem i f care i s ta k e n d u r i n g c o i l c o n s t r u c t i o n t o 

produce a s e t o f i d e n t i c a l , balanced c o i l s which are 

t h e n mounted i n a u n i f o r m f i e l d r e g i o n . S u b s t a n t i a l 

r e j e c t i o n o f t h e r i p p l e f i e l d s i g n a l i s t h e n p o s s i b l e 

which p e r m i t s t h e use o f phase s e n s i t i v e d e t e c t i o n techniques 

w i t h o u t t he r i s k o f i n c u r r i n g s a t u r a t i o n e f f e c t s i n the 

i n i t i a l a m p l i f i e r s t a g e s . 

4 . 4 ( i i i ) The d e s i g n , c o n s t r u c t i o n and p r o p e r t i e s 

o f t h e c o i l system 

The d i f f e r e n c e between t h e d i a m e t e r o f the t a i l 

o f t h e CF1200 c r y o s t a t (38 mm) and the magnet p o l e separa­

t i o n (59 mm) a l l o w e d a t h i c k n e s s o f a p p r o x i m a t e l y 10 mm 

f o r each p a i r o f M a l l i n s o n type d e t e c t i o n c o i l s , t h e i r 

m ounting p l a t e s (cheek p l a t e s ) and s c r e e n i n g ^ p r o t e c t i o n 

c o v e r s . The chosen d e s i g n i s i l l u s t r a t e d i n F i g u r e 4.13 

and shows t h e system t o c o n s i s t o f a c c u r a t e l y t u r n e d 

t u f n o l c o i l f o r m e r s mounted on 1 mm t h i c k brass shim 

cheek p l a t e s w h i c h , i n t u r n , are r i g i d l y clamped t o the 



\ Scale: Full size 

Pole tip 

Centre line 

Brass 
cheek 
plate 

Aluminium clamping 
ring 

Windings volume 

Tufnol coil 
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Copper screening 
can 

F i g u r e 4.13 I l l u s t r a t i o n o f d e s i g n o f d e t e c t i o n c o i l , 
cheek p l a t e and s c r e e n i n g can assembly. A d j u s t a b l e 
expanding brass bars bear on the aluminium r i n g s t o 
clamp whole assembly r i g i d l y t o p o l e t i p s . 
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p o l e faces o f t h e magnet p o l e t i p s by a d j u s t a b l e brass 

b a r s . A copper s c r e e n i n g cover/can covers each p a i r 

o f c o i l s and serves b o t h t o p r o t e c t t he c o i l s from mechanical 

damage and t o p r o v i d e e l e c t r i c a l s c r e e n i n g from u n d e s i r a b l e 

e x t e r n a l s ources. The volume o f t h e d e t e c t i o n c o i l windings 

i s d e s c r i b e d by i n n e r and o u t e r d i a m e t e r s o f 25 mm and 

45 mm r e s p e c t i v e l y and a w i d t h o f 5 mm. The complete 

c o i l i s seen t o be p o s i t i o n e d w i t h i n the u n i f o r m f i e l d 

r e g i o n p r o v i d e d by t h e plane p o l e t i p s u r f a c e i n such 

a way t h a t t h e upper r e t u r n w i n d i n g s are almost c o m p l e t e l y 

c o n t a i n e d above t h e 9 = 55° boundary. The s e p a r a t i o n 

o f each p a i r o f c o i l s about t he plane o f symmetry by 

2 mm was d e l i b e r a t e l y chosen t o f l a t t e n t h e c o i l system's 

s e n s i t i v i t y f u n c t i o n f o r mean sample p o s i t i o n d i s p l a c e ­

ments i n t h e v e r t i c a l d i r e c t i o n . 

The d e t e c t i o n c o i l s were wound e v e n l y , u s i n g 44 

s.w.g. enamel-coated copper w i r e , t o a t o t a l o f 4600 

t u r n s f o r each c o i l . The b a l a n c i n g o f the set of f o u r 

c o i l s was a c h i e v e d by removing t u r n s t o f i r s t l y equate 

t h e i n d u c t a n c e s o f the i n d i v i d u a l c o i l s i n i s o l a t i o n 

f r om t h e o t h e r t h r e e , and t h e n f i n e l y b a l a n c i n g a l l f o u r 

c o i l s i n s i t u on the cheek p l a t e s i n a s i m i l a r manner. 

The measurements were a l l r e c o r d e d u s i n g a Wayne-Kerr 

LCR b r i d g e u s i n g a fre q u e n c y (100 Hz) as c l o s e as p o s s i b l e 

t o t h e i n t e n d e d VSM d r i v e f r e q u e n c y , and g r e a t care was 

t a k e n t o ensure t h e r m a l s t a b i l i t y ( a f t e r h a n d l i n g the 

c o i l s ) b e f o r e r e s u l t s were r e c o r d e d . At the end o f the 

b a l a n c i n g process t h e i n d u c t a n c e s o f each of the f o u r 

c o i l s i n s i t u were 830 - 3 mH, 830 i 4 mH,832 i 4 mH 
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and 833 - 4 mH r e s p e c t i v e l y . 

The complete search c o i l / c h e e k p l a t e assemblies 

were mounted on the magnet p o l e faces and experiments 

were performed i n o r d e r t o assess t h e r i p p l e f i e l d s i g n a l 

r e j e c t i o n c a p a b i l i t i e s o f the balanced c o i l system. 

A s m a l l a m p l i t u d e a.c. magnetic f i e l d was p r o v i d e d i n 

t h e magnet a i r gap by a p a i r o f H e l m h o l t z t r i m c o i l s , 

p r o v i d e d as a magnet accessory, and the e.m.f. induced 

i n a s i n g l e d e t e c t i o n c o i l was compared t o t h a t induced 

i n t h e complete c o i l assembly. The f r e q u e n c y o f the 

a.c. f i e l d was chosen t o be 24 Hz, t h i s b e i n g the t h r e e 

phase g e n e r a t o r commutator s l i p f i e l d f r e q u e n c y , because 

i t r e p r e s e n t s t h e known r i p p l e f i e l d n o i s e s i g n a l whose 

f r e q u e n c y i s c l o s e s t t o the f r e q u e n c y o f sample v i b r a t i o n 

(see s e c t i o n 4 . 3 ( i i ) ) . The r e s u l t s o b t a i n e d from t h i s 

s t u d y are as f o l l o w s : -

S i n g l e c o i l s i g n a l = 1.004 - 0.001 V (r.m.s.) 

Combined s i g n a l from 

a l l f o u r c o i l s = 0.88 ± 0.01 mV (r.m.s.) 

The e f f e c t i v e s i g n a l from a s i n g l e c o i l i n the complete 

c o i l system, t h e r e f o r e , i s 0.22 mV and t h i s r e p r e s e n t s 

a r i p p l e f i e l d s i g n a l r e j e c t i o n r a t i o o f a p p r o x i m a t e l y 

2 X 10"*^ compared t o the i s o l a t e d s i n g l e c o i l . T h is 

r e s u l t c l e a r l y i n d i c a t e s t h a t the degree o f r i p p l e f i e l d 

r e j e c t i o n i s l i m i t e d by the accuracy t o which the d e t e c t i o n 

c o i l s have been balanced, and even g r e a t e r care taken 

d u r i n g t h e b a l a n c i n g procedure c o u l d reduce t h i s v a l u e 

f u r t h e r . 

F u r t h e r experiments were conducted on t h e c o i l system 

t o d e t e r m i n e t h e s e n s i t i v i t y f u n c t i o n o f the system as 
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a f u n c t i o n o f sample di s p l a c e m e n t i n the x, y and z d i r e c t i o n s 
(see F i g u r e 4.11). A s m a l l s i n g l e l a y e r c o n s t a n t c u r r e n t 
c o i l , mounted on the sample r o d (see F i g u r e 4.14), was 
used t o p r o v i d e a c o n s t a n t magnetic moment and the movement 
o f t h i s moment w i t h r e s p e c t t o the d e t e c t i o n c o i l system 
was a c h i e v e d , i n t h e absence o f the c r y o s t a t , u s i n g the 
x-y movement mechanism and t h e v e r t i c a l guide bars o f 
t h e head p l a t e assembly (see S e c t i o n 4 . 3 ( i i i ) ) . The 
v o l t a g e o u t p u t from the d e t e c t i o n c o i l system as a f u n c t i o n 
o f sample d i s p l a c e m e n t i n the t h r e e d i r e c t i o n s i s shown 
i n F i g u r e 4.15. I t can be seen t h a t a VL s i g n a l s t a b i l i t y 
i s a c h i e v e d f o r d i s p l a c e m e n t s o f - 1.5 mm, - 2.1 mm and 
- 2.5 mm i n the x, y and z d i r e c t i o n s r e s p e c t i v e l y . 
W h i l s t these f i g u r e s are n o t as good as t h e c o r r e s p o n d i n g 
d i s p l a c e m e n t s o f - 2.6 mm, - 6.4 mm and - 4.8 mm r e p o r t e d 
by Bowden f o r h i s e i g h t c o i l system (Bowden ( 1 9 7 2 ) ) , 
t h e y compare v e r y f a v o u r a b l y w i t h the o n l y o t h e r p r e v i o u s l y 
r e p o r t e d f i g u r e s o f Foner (Foner (1959)) and Case and 
H a r r i n g t o n (Case and H a r r i n g t o n (1966)) f o r which values 
o f - 0.5 mm are t y p i c a l . 

I n c o n c l u s i o n , t h e r e f o r e , t h e r e s u l t s o f the i n v e s t i ­

g a t i o n s i n t o b o t h t h e r i p p l e f i e l d r e j e c t i o n p r o p e r t i e s 

o f the Durham VSM c o i l system and the e x t e n t o f the saddle 

p o i n t r e g i o n o f the system's s e n s i t i v i t y f u n c t i o n have 

j u s t i f i e d t h e s e l e c t i o n o f M a l l i n s o n ' s c o i l geometry 

f o r t h e Durham VSM. 

4.5 S i g n a l d e t e c t i o n and R e s i d u a l Noise 

The s i g n a l from the sample moment d e t e c t i o n c o i l 

system and t h e e x t e r n a l f i e l d a p p l i e d t o t h e sample are 
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F i g u r e 4.15 S e n s i t i v i t y f u n c t i o n s o f the Durham M a l l i n s o n 
c o i l geometry. The p l o t s i n d i c a t e t he v o l t a g e o u t p u t from 
t h e d e t e c t i o n c o i l system as a f u n c t i o n o f sample d i s ­
placement i n t h e (a) x, (b) y and ( c ) z d i r e c t i o n s . 
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measured c o n v e n t i o n a l l y w i t h a Brookdeal 5206 phase s e n s i t i v e 
d e t e c t o r (PSD) and a B e l l 640 H a l l - e f f e c t probe gaussmeter 
r e s p e c t i v e l y . The f o u r moment d e t e c t i o n c o i l s are arranged 
i n p a i r s , each p a i r b e i n g connected i n o p p o s i t i o n so 
t h a t the s i g n a l s from t h e s e p a r a t e p a i r s are o f equal 
a m p l i t u d e b u t are i n a n t i - p h a s e . These two a n t i - p h a s e 
s i g n a l s , A and B, are t h e n combined by t h e PSD u s i n g 
i t s (A-B) i n p u t mode. T h i s method o f c o i l c o n n e c t i o n 
i s advantageous as w o r k i n g i n common mode r e j e c t i o n not 
o n l y c a n c e l s n o i s e p i c k - u p i n the c o i l s and t h e i r l e a d s , 
but a l s o y i e l d s good e a r t h l o o p immunity. F u r t h e r n o i s e 
r e d u c t i o n has been o b t a i n e d by p a y i n g c a r e f u l a t t e n t i o n 
t o e a r t h i n g , u s i n g the branch s t r u c t u r e system and, i n 
p a r t i c u l a r , e a r t h i n g the magnet frame, cheek p l a t e s and 
s i g n a l l e a d screens t o a s i n g l e p o i n t . 

The combined e f f e c t o f clamping t h e d e t e c t i o n c o i l s 

and p l a c i n g t h e pneumatic i s o l a t i o n c o l l a r between the 

VSM head and s u p p o r t t a b l e has e l i m i n a t e d the r e s i d u a l 

n o i s e s i g n a l due t o the s y m p a t h e t i c v i b r a t i o n o f the 

a p p a r a t u s a t t h e d r i v e f r e q u e n c y . Indeed, the r e s i d u a l 

s i g n a l , which i s observed when no sample i s p r e s e n t , 

comprises a pure d i a m a g n e t i c c o n t r i b u t i o n a l o n e , a r i s i n g 

f r o m the PTFE sample h o l d e r and b o r o - s i l i c a t e down r o d . 

A t y p i c a l r e s i d u a l s i g n a l p l o t i s shown i n F i g u r e 4.16 

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

By removing t h e VSM head c o m p l e t e l y from the t a b l e i t 

has been shown t h a t t h i s e f f e c t i s not due t o v i b r a t i o n 

e f f e c t s and i t has been suggested t h a t i t i s due t o the 

n o i s e power spectrum i n t r i n s i c t o the motor g e n e r a t o r 
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sup p l y ( p r i v a t e communication Mr. D.B. L a m b r i c k ) . 

PTFE has been chosen as the sample h o l d e r m a t e r i a l 

because i t i s b o t h weakly d i a m a g n e t i c (comparable t o 

g l a s s and q u a r t z ) and c h e m i c a l l y i n e r t , e n a b l i n g t h e 

removal o f magnetic contaminants w i t h n i t r i c a c i d . F u r t h e r , 

PTFE e x h i b i t s low c o e f f i c i e n t s o f f r i c t i o n and th e r m a l 

e x pansion and possesses good machining p r o p e r t i e s . 

The s i g n a l c o n t r i b u t i o n from t h e sample h o l d e r can 

be comparable o r g r e a t e r t h a n t h a t o f t h e sample f o r 

v e r y low moment samples. I n such cases e i t h e r the d i f f e r e n c e 

between two p l o t s , one w i t h and one w i t h o u t t h e sample, 

can be d e t e r m i n e d , o r use can be made o f s i g n a l i n v e r s i o n 

i n t h e d e t e c t i o n c o i l s sample dis p l a c e m e n t s e n s i t i v i t y 

f u n c t i o n t o c a n c e l t h e sample h o l d e r ' s s i g n a l c o n t r i b u t i o n . 

The l a t t e r approach s i m p l y r e q u i r e s t h a t a f u r t h e r PTFE 

s e c t i o n be added t o the sample s u p p o r t r o d , a p p r o p r i a t e l y 

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

s i g n a l e x a c t l y c a n c e l s t h a t o f the sample h o l d e r . I t 

sho u l d be n o t e d here t h a t such a c t i o n i s n ot p o s s i b l e 

w i t h Foner's d e t e c t i o n c o i l geometry, thus adding f u r t h e r 

s u p p o r t t o the a u t h o r ' s p r e f e r e n c e f o r M a l l i n s o n ' s geometry. 

4.6 C a l i b r a t i o n and l i n e a r i t y 

4 . 6 ( i ) L i n e a r i t y 

The l i n e a r i t y o f t h e complete V.S.M. moment d e t e c t i o n 

system was d e t e r m i n e d u s i n g t h e same s i n g l e l a y e r c u r r e n t 

c a r r y i n g c o i l d e s c r i b e d i n S e c t i o n 4.4. W i t h the sample 

c o i l s i t u a t e d c e n t r a l l y on the s a d d l e - p o i n t o f the d e t e c t i o n 

c o i l system, t h e o u t p u t from t h e P.S.D. was determined 
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as a f u n c t i o n o f sample c o i l c u r r e n t . The c u r r e n t was 
v a r i e d by t h r e e o r d e r s o f magnitude and a l e a s t squares 
f i t t o t h e d a t a (see F i g u r e 4.17) i n d i c a t e s the l i n e a r i t y 
o v e r t h i s wide s i g n a l range t o be b e t t e r t h a n 1 p a r t 
i n 5500 ( — 0 . 0 2 7 o ) a t c o n s t a n t a i r - g a p f i e l d . 

4 . 6 ( i i ) C a l i b r a t i o n 

I f t h e c u r r e n t c a r r y i n g c o i l dimensions are a c c u r a t e l y 

known, t h e moment produced by p a s s i n g u n i t c u r r e n t may 

be c a l c u l a t e d and an a b s o l u t e c o u p l i n g c o n s t a n t between 

sample and d e t e c t i o n c o i l system may be determined (Foner 

( 1 9 5 9 ) , S p r i n g f o r d e t a l . ( 1 9 7 1 ) ) . I t must be s t r e s s e d , 

however, t h a t t h i s c o n s t a n t i s p a r t i c u l a r t o the e x t e r n a l 

f i e l d geometry o f t h e c u r r e n t c a r r y i n g c o i l ( o r a magnetized 

sample o f i d e n t i c a l geometry) (Foner ( 1 9 5 9 ) , F o i l e s and 

McDaniel ( 1 9 7 4 ) , Zieba and Foner (1982a)) and cannot, 

t h e r e f o r e , be a p p l i e d t o a g e n e r a l sample geometry. 

I n o r d e r t o a v o i d a p p r o x i m a t i o n s t o t h i s sample 

geometry dependent c o u p l i n g c o n s t a n t , the a u t h o r p r e f e r s 

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

h i g h p u r i t y ( 9 9 . 9 9 7 o or b e t t e r ) samples o f a n n e a l l e d 

p o l y c r y s t a l l i n e o r s i n g l e c r y s t a l n i c k e l , whose dimensions 

are i d e n t i c a l t o those o f the m a t e r i a l under i n v e s t i g a t i o n . 

T h i s approach r e q u i r e s t h a t the m a g n e t i z a t i o n of n i c k e l 

be i n d e p e n d e n t l y d e t e r m i n e d and, w h i l s t i t i s known t o 

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

up t o 20T, i t s b e h a v i o u r has been s u f f i c i e n t l y w e l l 

documented (Pauthenet (1982a,b)) t o p e r m i t the e x t r a p o l a t i o n 

o f t h e m a g n e t i z a t i o n a t an i n t e r n a l f i e l d o f IT f o r the 



10 

0-1 

001 

L o c k - i n 
output (mV) 

Coil current (A) 
> 

001 0-1 10 

F i g u r e 4.17 A l o g - l o g p l o t o f d e t e c t i o n c o i l o u t p u t 
v e rsus sample c o i l c u r r e n t f o r Durham VSM whicii. i n d i c a t e s 
l i n e a r i t y t o b e t t e r t h a n 0.02% over t h r e e o r d e r s o f 
magnitude o f s i g n a l s t r e n g t h . 
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te m p e r a t u r e range 4.2 - 300 K (Graham ( 1 9 8 2 ) ) . 

The l i m i t on p r e c i s i o n u s i n g t h i s c a l i b r a t i o n t e c h n i q u e , 

a p a r t from t h a t i n h e r e n t i n the o r i g i n a l a b s o l u t e measure­

ment o f t h e m a g n e t i z a t i o n o f n i c k e l , i s the d e t e r m i n a t i o n 

o f t h e i n t e r n a l f i e l d i n the c a l i b r a t i o n sample. This 

r e q u i r e s t he d e s i g n a t i o n o f a demagnetizing f a c t o r f o r 

b o t h c a l i b r a t i o n and t e s t samples which, s t r i c t l y speaking, 

s h o u l d be f i e l d dependent ( B o z o r t h and Chapin (1942)) 

as t h e a p p r o p r i a t e c a l c u l a t i o n s o f demagnetizing f a c t o r s 

(Osborn (1945) and Stoner (1945)) are o n l y v a l i d f o r 

u n i f o r m l y magnetized b o d i e s . U n c e r t a i n t y i n the c a l i b r a t i o n 

sample d e m a g n e t i z i n g f a c t o r i s n o t t o o c r i t i c a l , however, 

as t h e m a g n e t i z a t i o n o f n i c k e l v a r i e s p a r t i c u l a r l y s l o w l y 

w i t h i n t e r n a l f i e l d i n t h e r e g i o n o f I T and s m a l l e r r o r s 

i n t h e d e t e r m i n a t i o n o f the i n t e r n a l f i e l d w i t h i n the 

c a l i b r a t i o n sample can be t o l e r a t e d . The v a r i a t i o n i n 

t h e s a t u r a t i o n m a g n e t i z a t i o n w i t h t emperature ( G ) , by 

comparison, i s more c r i t i c a l and, a f t e r a c a r e f u l study 

o f t h e l i t e r a t u r e (Pauthenet (1982a,b) and Graham ( 1 9 8 2 ) ) , 

t h e f o l l o w i n g v a l u e s were s e l e c t e d as a l o c a l l a b o r a t o r y 

s t a n d a r d : 

M = 4.917 X 10^ JT"^m"^ 

dM 

de 
^ =-214 JT"^m~^K-^ 

a t 288''K 
and I T 
i n t e r n a l f i e l d 

(4.10) 

(4.11) 

I t i s conceded, however, t h a t the above approach 

t o c a l i b r a t i o n i s n o t u n i v e r s a l l y i d e a l and t h a t i n s t a n c e s 

o c c ur when a p p r o p r i a t e t h e o r e t i c a l c o r r e c t i o n s t o computed 

c o u p l i n g c o n s t a n t s , as d i s c u s s e d by Zieba and Foner (Zieba 

and Foner ( 1 9 8 2 a ) ) , s h o u l d be made. 
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4 . 6 ( i i i ) Temperature e f f e c t s on c a l i b r a t i o n 

W h i l s t c o n d u c t i n g an i n t e n s i v e study on a N i c k e l 

s i n g l e c r y s t a l a 5% s i g n a l i n c r e a s e over a p e r i o d o f 

seven hours was observed. C a r e f u l i n v e s t i g a t i o n r e v e a l e d 

t h a t t h i s e f f e c t was not sample dependent but was caused 

by an i n c r e a s e i n magnet p o l e - p i e c e t e m p e r a t u r e o f 2.5°K. 

Two mechanisms are th o u g h t t o be r e s p o n s i b l e ; t he d i f f ­

e r e n t i a l expansion o f the p o l e - p i e c e / y o k e system and 

the e xpansion o f the d e t e c t i o n c o i l s and thus t h e i r e f f e c t i v e 

c r o s s - s e c t i o n a l area. 

D i f f e r e n t i a l expansion o f the po l e - p i e c e / y o k e system 

was caused by l o c a l h e a t i n g o f the poles due t o the p r o x i m i t y 

o f t h e f i e l d c o i l s . T his r e s u l t s i n a s m a l l decrease 

i n t h e magnet a i r gap and, hence, i n the w o r k i n g s e p a r a t i o n 

o f t h e two s e t s o f d e t e c t i o n c o i l p a i r s . I t can be seen 

t h a t t h i s w i l l cause an i n c r e a s e i n the s e n s i t i v i t y o f 

the d e t e c t i o n c o i l system, as w i l l t h e d i r e c t expansion 

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

I n o r d e r t o m a i n t a i n t he p o l e - p i e c e s a t a c o n s t a n t 

t e m p e r a t u r e , c o - a x i a l c o o l i n g tubes have been i n s e r t e d 

i n t o p r e v i o u s l y e x i s t a n t b l i n d h o l e s w i t h i n t h e core 

o f t h e poles (see F i g u r e 4.18). C a r e f u l adjustment o f 

th e r a t e o f water f l o w t h r o u g h t h e system, t o m a i n t a i n 

c o n s t a n t p o l e - p i e c e t e m p e r a t u r e w i t h r e s p e c t t o room 

t e m p e r a t u r e , p e r m i t s the VSM s e n s i t i v i t y t o be kept s t a b l e 

t o b e t t e r t h a n 1 % o f the t o t a l s i g n a l over s e v e r a l hours. 

Measurements t a k i n g l e s s t h a n 30 mi n u t e s , t h e r e f o r e , 

can be made w i t h a p r e c i s i o n which approaches 0.1% o f 

the s i g n a l s i z e . 
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I t i s apparent from F i g u r e 4.18 t h a t the s m a l l e r 
th e d e t e c t i o n c o i l s e p a r a t i o n the more s t r i n g e n t the 
r e q u i r e m e n t f o r t h e r m a l s t a b i l i t y o f the magnet, and the 
i m p l i c a t i o n s o f t h e above o b s e r v a t i o n s a r e o b v i o u s l y o f 
importance t o o t h e r VSM systems employing a i r - c o o l e d 
e l e c t r o m a g n e t s . 

4.7 Magnetic Images 

4 . 7 ( i ) I n t r o d u c t i o n 

The concept o f magnetic images, so c a l l e d because of 

t h e i r s i m i l a r i t y t o the concept o f e l e c t r o s t a t i c images, was 

f i r s t d i s c u s s e d by Weiss (Weiss and F o r r e r ( 1 9 2 6 ) . By 

analogy t o the e l e c t r o s t a t i c case, one r e p l a c e s the induced 

m a g n e t i z a t i o n i n t h e v a r y i n g p e r m e a b i l i t y p o l e - p i e c e 

m a t e r i a l due t o t h e v i b r a t i n g sample's magnetic moment 

w i t h magnetic images o f v a r y i n g magnitude. The t i m e -

v a r y i n g f l u x t h r e a d i n g t h e VSM d e t e c t i o n c o i l s then a r i s e 

n o t o n l y from t h e magnetized sample, but a l s o from the 

magnetic images o f t h e sample. I t i s c l e a r , however, 

t h a t , as l o n g as t h e d e t e c t i o n c o i l geometry, the r e l a t i v e 

p o s i t i o n s o f sample, d e t e c t i o n c o i l s and p o l e - p i e c e s , 

and t h e p e r m e a b i l i t y o f t h e p o l e - p i e c e s remain unchanged, 

the image f i e l d w i l l produce a c o n s t a n t p r o p o r t i o n a l 

change i n the i n p u t s i g n a l . A l t h o u g h the e f f e c t o f the 

magnetic images might be s i g n i f i c a n t , i t w i l l , under 

such c i r c u m s t a n c e s , remain u n o b s e r v a b l e . Changes i n 

the p e r m e a b i l i t y o f the p o l e - p i e c e s w i t h a i r - g a p f i e l d , 

however, w i l l cause the s i g n a l c o n t r i b u t i o n from the 

images t o a l t e r and a d i f f e r e n c e i n t o t a l s i g n a l may 
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th e n be d e t e c t e d . Stoner e t a l . r e c o g n i z e d t h i s and 
c o r r e c t l y s t a t e d ( S t o n e r e t a l . (1970)) t h a t these " f i e l d -
dependent" images would o n l y be m a n i f e s t i f the p o l e -
p i e c e p e r m e a b i l i t y changed r a p i d l y w i t h f i e l d . T h e i r 
t h e s i s was v i n d i c a t e d by t h e i r i n v e s t i g a t i o n o f the f i e l d -
dependent s e n s i t i v i t y o f t h e i r magnetometer u s i n g a s a t u r a t e d 
n i c k e l sample, o b t a i n i n g a maximum s e n s i t i v i t y change 
o f 3 . 8 7 o . 

P r e v i o u s workers (Smith ( 1 9 5 6 ) , Foner (1959) and 

Case and H a r r i n g t o n (1966)) had conducted s i m i l a r e x p e r i ­

ments u s i n g c o n s t a n t moment samples, e i t h e r s a t u r a t e d 

n i c k e l o r s m a l l c o n s t a n t c u r r e n t c o i l s , b u t none had 

found f i e l d dependent s i g n a l changes s i g n i f i c a n t l y g r e a t e r 

t h a n t h e n o i s e f l u c t u a t i o n s i n t h e i r measurements ( t y p i c a l l y 

0.1 - 1 . 0 7 o ) . Foner (Foner ( 1 9 5 9 ) ) , aware t h a t images 

must e x i s t , suggested a mechanism o f e d d y - c u r r e n t s h i e l d i n g 

t o e x p l a i n t h e apparent l a c k o f d e t e c t a b l e image change. 

E x h a u s t i v e image experiments have a l s o been conducted 

on t h e Durham VSM and, w h i l e no f i e l d - d e p e n d e n t images 

were observed ( w i t h i n t he t o l e r a n c e o f t h e e x p e r i m e n t s ) , 

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

d i r e c t e vidence o f t h e e x i s t e n c e and magnitude o f the 

image s i g n a l i n a VSM el e c t r o m a g n e t system. ( S i m i l a r 

o b s e r v a t i o n s have been made r e c e n t l y i n a sup e r c o n d u c t i n g 

s o l e n o i d ( Z i e b a and Foner ( 1 9 8 2 b ) ) ) . 
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4 . 7 ( i i ) Image experiments 

The experiment t o determine t h e presence o f f i e l d -

dependent images was s t r a i g h t f o r w a r d . I t i n v o l v e d t he 

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

i n s e c t i o n 4 . 4 ( i i i ) t o p r o v i d e a c o n s t a n t magnetic moment 

w h i l e t h e a i r - g a p f i e l d was v a r i e d between 0 and 1 . 2 

t e s l a ( t h e f i e l d maximum f o r the e l e c t r o m a g n e t ) . The 

v a l u e s o f PSD o u t p u t versus f i e l d t hus o b t a i n e d are shown 

i n Table 4 . 1 and are c o r r e c t e d f o r t he i n e v i t a b l e d i a ­

magnetic s i g n a l c o n t r i b u t i o n from t he sample c o i l m a t e r i a l . 

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

s i g n a l i s c o n s t a n t t o w i t h i n 3 p a r t s i n 1 5 5 8 ( i . e . 0 . 1 9 7 o ) 

which i s c o n s i s t e n t w i t h t he p r e c i s i o n o f the experiment. 

T h i s n u l l r e s u l t , i n i t s e l f , i s e x t r e m e l y i m p o r t a n t as 

i t a l l o w s t he v a l i d use o f the c a l i b r a t i o n f a c t o r o b t a i n e d 

w i t h a n i c k e l sample a t an i n t e r n a l f i e l d o f I T a t a l l 

f i e l d s a c c e s s i b l e i n the e l e c t r o m a g n e t . 

A second experiment was t h e n conducted u s i n g t h e 

c o n s t a n t moment c o i l t o p r o v i d e d i r e c t evidence o f the 

e x i s t e n c e and magnitude o f the image s i g n a l . One p a i r 

o f d e t e c t i o n c o i l s was mounted r i g i d l y i n p o s i t i o n but 

independent o f the p o l e - p i e c e ( t o which i t i s n o r m a l l y 

clamped) u s i n g n o n - f e r r o u s clamps and s u p p o r t s . With 

t h e a i r - g a p f i e l d a t zero t e s l a , h a v i n g p r e v i o u s l y 

demagnetized t h e magnet p o l e - p i e c e s , t he s i g n a l from 

t h e p a i r o f c o i l s was observed as the electromagnet was 

removed from t h e v i c i n i t y o f the s a m p l e / c o i l system. 

That t h i s was p o s s i b l e was due t o t h e magnet frame being 

mounted on a t r a c k which p e r m i t t e d t he l a t e r a l displacement 



C u r r e n t i n c o n s t a n t 
moment sample c o i l (A) 

Magnet a i r 
gap f i e l d (T) 

Phase S e n s i t i v e 
D e t e c t o r Output (mV) 

1.4573 o: 1.5585 - 0.003 

1.4579 0.244 1.5595 - 0.003 

1.4585 0.401 1.5600 ± 0.003 

1.4585 0.605 1.5595 ± 0.003 

1.4585 0.805 1.5590 ± 0.003 

1.4583 1.006 1.5585 ± 0.003 

1.4583 1.205 1.5575 - 0.003 

TABLE 4.1 

Values o f d e t e c t i o n c o i l system o u t p u t , when 

measuring a c o n s t a n t moment sample, f o r v a r i o u s 

magnet a i r gap f i e l d s 
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o f t h e magnet independent o f the VSM support t a b l e . 
The s i g n a l observed b e f o r e and a f t e r removal o f the magnet 
was 1 4 7 . 2 ± . 2 |iV and 1 0 9 . 5 ~ .2 \xV r e s p e c t i v e l y , i n d i c a t i n g 
an image s i g n a l c o n t r i b u t i o n o f 3 7 . 7 |iV which r e p r e s e n t s 
2 5 . 6 7 o o f t h e t o t a l s i g n a l n o r m a l l y observed. 

A c o n s i d e r a t i o n o f the f o r m a t i o n o f the magnetic 

images from t h e magnetic poles o f t h e sample moment r e v e a l s 

t h a t an i n f i n i t e s e r i e s o f e q u a l l y spaced images, a l l h a v i n g 

moments which are p a r a l l e l t o t h e sample moment, " e x i s t " 

w i t h i n t h e magnet po l e s (see F i g u r e 4 . 1 9 ) . The s i g n a l 

f r o m each s u c c e s s i v e image d i p o l e , however, f a l l s o f f 

w i t h d i p o l e / c o i l s e p a r a t i o n r as the d i p o l e f i e l d and 

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

t o t h e t o t a l s i g n a l . T h i s e f f e c t was a l s o s t u d i e d by 

o b s e r v i n g t h e c o i l s o u t p u t i n the absence o f the magnet 

a t sample c o i l / d e t e c t i o n c o i l s e p a r a t i o n s determined 

by t he expected image p o s i t i o n s , so m i m i c k i n g the presence 

o f p e r f e c t magnetic images. The s i g n a l observed a t each 

o f t h e t h r e e most p r o x i m a t e image d i p o l e p o s i t i o n s (A,B,C 

as i n d i c a t e d i n F i g u r e 4 . 1 9 ) was summed and found t o 

be 3 6 . 2 - 3 |iV. The r e l a t i v e l y poor p r e c i s i o n o f t h i s 

r e s u l t i s due t o d i f f i c u l t y e x p e r i e n c e d i n e s t i m a t i n g 

t h e sample c o i l / d e t e c t i o n c o i l s e p a r a t i o n w i t h o u t d i s t u r b i n g 

t h e d e t e c t i o n c o i l o r i e n t a t i o n . I t does, however, i n d i c a t e 

t h a t t h e images observed w i t h i n t h e demagnetized magnet 

p o l e - p i e c e s can be c o n s i d e r e d as " p e r f e c t " images. 

To t h e a u t h o r ' s knowledge, t h i s i s the f i r s t d i r e c t 

evidence f o r t h e e x i s t e n c e and magnitude o f magnetic 

images w i t h i n VSM e l e c t r o m a g n e t systems, and thus c o n f i r m s 



O) at 

Of 
cn 
a 
E 

O 

t 

E 
(LI 

CI. 

t 

t CD H 

t 

T3 

CSI 

T3 
0) 

4 J 
CO 
o 
o 

I — t 

o a 
• t - i 
"O 
o 

•r-( 
4-1 

c 
CO 

e 
CO 

U 
o 

M-l 

CO . 
W O 
E c 

• r - l o 
• r - l 

o 4 J 
• r - l CO 
U w 

CO 
c a 
W ) CD 
CO V) 
e 

IJ-I 

o o 
x; 
4-) CO 

(U 
tw o 
O (1) 

• r - l 

c D, 
o 

• H CD 
4 J i -H 
CO o 
O a 
o 
1—1 1—1 

<v 
M-t T — l 

O r - l 
CO 

c 
o CO 

• r - l a 
J _ l 
CO c 

<u 
4-) CU 
Cfl s D 4 J 

1—1 cu 
r - i ,n 

a' 
4 J 

C . <u 
<!• u 

QJ <L) 

-C 3 4 J 

• r - l 4 J 
CO 



- 106 -

t h e t h o u g h t s o f v a r i o u s a u t h o r s ( e . g . Foner (19 5 9 ) , and 
Z i j l s t r a ( 1 9 6 7 b ) ) t h a t images must be p r e s e n t even though 
t h e y cannot be d e t e c t e d by c o n v e n t i o n a l e x p e r i m e n t s . 
The r e s u l t s a l s o show t h a t the s i g n a l c o n t r i b u t i o n from 
t h e image d i p o l e s has the same p o l a r i t y as t h a t from 
t h e sample d i p o l e when u s i n g M a l l i n s o n ' s d e t e c t i o n c o i l 
geometry thus s e r v i n g t o enhance t h e d e t e c t i o n s e n s i t i v i t y 
o f t h i s c o i l system (by a p p r o x i m a t e l y 2 5 7 o i n the Durham 
VSM). T h i s , however, i s not the case w i t h Foner's geometry, 
and a c o n s i d e r a t i o n of F i g u r e 4.19 and the arguments 
p r e s e n t e d i n S e c t i o n 4 . 4 ( i i ) i n d i c a t e s c l e a r l y t h a t t he 
presence o f p e r f e c t magnetic images w i l l be d e t r i m e n t a l 
t o t h e t o t a l s i g n a l d e t e c t i o n s e n s i t i v i t y o f t h i s c o i l 
system. Not o n l y does the presence o f p e r f e c t images 
f u r t h e r v i n d i c a t e , t h e r e f o r e , the s e l e c t i o n o f M a l l i n s o n ' s 
geometry f o r t h e Durham VSM, i t a l s o shows t h a t exact 
c a l c u l a t i o n s o f t h e s e n s i t i v i t y f u n c t i o n s o f c o i l systems 
(Pacyna ( 1 9 8 2 ) , Zieba and Foner (1982a) and Pacyna and 
Ruebenbauer (19 8 4 ) ) are f u n d a m e n t a l l y i n c o r r e c t because 
t h e y do n o t c o n s i d e r the c o i l systems i n the presence 
o f permeable m a t e r i a l . 

4 . 7 ( i i i ) C a l c u l a t i o n of f i e l d - d e p e n d e n t images 

Having shown e x p e r i m e n t a l l y b o t h t h e presence o f 

p e r f e c t magnetic images a t low f i e l d and the absence 

o f f i e l d - d e p e n d e n t images ( w i t h i n e x p e r i m e n t a l t o l e r a n c e ) , 

i t now remains t o r e s o l v e these two a p p a r e n t l y c o n f l i c t i n g 

r e s u l t s . I t i s w e l l known t h a t t h e magnitude o f successive 

images decreases by a f a c t o r a ( Z i j l s t r a (1967b) and 
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Stoner e t a l . ( 1 9 7 0 ) ) where 

(4.12) 

and M-gf£ = , t h e d i f f e r e n t i a l p e r m e a b i l i t y (where 
o 

B^ = l^o^^* ^ c a l c u l a t i o n o f the magnitude o f the f i e l d -

dependent image s i g n a l , t h e r e f o r e , s h o u l d c o n s i d e r how 

a v a r i e s w i t h magnet a i r - g a p f i e l d . T h i s i n v o l v e s an 

e s t i m a t i o n o f the d i f f e r e n t i a l p e r m e a b i l i t y o f the p o l e -

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

e f f e c t , w h i c h , i n t u r n , r e q u i r e s t h e c a l c u l a t i o n o f the 

i n d u c t i o n (B) i n t h e magnet p o l e s a t a s p e c i f i c a i r - g a p 

f i e l d . 

The VSM magnet's p o l e - t i p s , p o l e s and f i e l d c o i l s 

have dimensions as shown i n F i g u r e 4.20. Each c o i l has 

2,500 t u r n s o f copper s t r i p and, t o g e t h e r w i t h the magnet 

p o l e s / p o l e - t i p s , t h e y produce an a i r - g a p f i e l d o f 1.2T 

f o r a c o i l c u r r e n t o f 22A. The c u r r e n t d e n s i t y , x, i n 

the w i n d i n g s a t t h i s f i e l d v a l u e , t h e r e f o r e , has been 

c a l c u l a t e d t o be 1.75 x lO^Am"^. 

The a i r - g a p " f i e l d " (B . ) , has two sources, the 

" f i e l d " due t o t h e c u r r e n t i n the c o i l s (B^) and the 

" f i e l d " due t o t h e presence o f t h e magnetized p o l e - p i e c e 
m a t e r i a l (B„), such t h a t m ' 

B . = B. + B^ (4.13) a i r 1. m 

i s d e t e r m i n e d b o t h by the m a g n e t i z a t i o n o f the 

p o l e - p i e c e m a t e r i a l (M) and t h e geometry o f the a i r - g a p / 

p o l e - t i p s . Z i j l s t r a has p r e s e n t e d r e s u l t s i n g r a p h i c a l 
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and a l g e b r a i c form which p e r m i t t h e c a l c u l a t i o n of 
from t h e geometry ( Z i j l s t r a ( 1 9 6 7 a ) ) , and, w i t h the p l a n e -
f a c e d c o n i c a l t i p s d e s c r i b e d h e r e , c o n t r i b u t i o n s t o B 
a r i s e from b o t h p l a n a r and c o n i c a l r e g i o n s . Using the 

r e s u l t s o f Z . i ; j l s t r a we have: 
in 

Bm= 2Mo M (LQ + j (4.14) 

where i s a f u n c t i o n o f P (= Vp^ ) g i v e n by: 
(4.15) '° ^ 2 L '"(p2,1)0-5 

S u b s t i t u t i n g f o r t h e v a l u e s o f z, and P2 g i v e s 

B - M (0.767) (4.16) m o 

E x p r e s s i o n s t o c a l c u l a t e the v a l u e o f B^ from t h i c k 

s o l e n o i d s are a l s o g i v e n by Z i j l s t r a ( Z i j l s t r a ( 1 9 6 7 a ) ) . 

Here we have: 

^ i = ^ ^ o • ^ ^ l ^ l ^^-^^^ 

where i s a f u n c t i o n o f Y ^ = — ) ^nd 5( = — ) i r ^ r ^ 
g i v e n by: 

0-5 
(4.18) 

I t s h o u l d be noted t h a t e q u a t i o n (4.17) c a l c u l a t e s 

the v a l u e o f B^ on the c o i l a x i s a t one end o f the c o i l . 

The c a l c u l a t i o n o f the v a l u e o f B^ on the c o i l a x i s but 

removed from the c o i l , t h e r e f o r e , r e q u i r e s the e v a l u a t i o n 

o f B^ f o r an extended c o i l f o l l o w e d by t h e s u b t r a c t i o n 

o f t h e c o n t r i b u t i o n f o r t h a t p a r t o f the c o i l absent 

i n r e a l i t y . 
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By f o l l o w i n g t h i s approach, a v a l u e o f ~ 0 . 1 3 T 
has been c a l c u l a t e d f o r the VSM c o i l s a t a c o i l c u r r e n t 
of 2 2 A . The t o t a l a i r - g a p f i e l d (B . ) a t t h i s c u r r e n t v a l u e 
i s e qual t o 1 . 2 T and, by u s i n g t h e r e s u l t s o f equations 
( 4 . 1 3 ) and ( 4 . 1 4 ) , the v a l u e s o f B^ and \i are found 
t o be a p p r o x i m a t e l y 1 . 0 7 T and 1 . 4 T r e s p e c t i v e l y . This 
means, t h e r e f o r e , t h a t , a t a c o i l c u r r e n t of 2 2 A and 
an a i r - g a p f i e l d o f 1 . 2 T, t h e i n d u c t i o n (B) o f the p o l e -
t i p and p o l e - p i e c e m a t e r i a l i s a p p r o x i m a t e l y g i v e n by 
B = 1 . 4 t e s l a . 

I n o r d e r t o assess the e f f e c t on image s i g n a l caused 

by i n c r e a s i n g the i n d u c t i o n i n the p o l e - t i p s from zero 

t o t h i s v a l u e , the d i f f e r e n t i a l p e r m e a b i l i t y ("^^/dB^) 

of t h e p o l e - t i p m a t e r i a l needs t o be c a l c u l a t e d a t 1 . 4 T 

and compared w i t h i t s maximum v a l u e ( p r e v a l e n t a t low 

f i e l d s ) . A l t h o u g h m a g n e t i z a t i o n d a t a f o r the m i l d s t e e l 

p o l e - t i p m a t e r i a l used on the VSM i s u n a v a i l a b l e , a reason­

a b l e e s t i m a t e o f the s i z e of t h i s e f f e c t may be made 

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

m i l d s t e e l . Such a p l o t i s shown i n F i g u r e 4 . 2 1 , and 

measurements t a k e n from t h i s p l o t y i e l d approximate values 

of 1 7 3 5 and 2 0 0 f o r the maximum d i f f e r e n t i a l p e r m e a b i l i t y 

and t h e v a l u e o f t h i s parameter a t B = 1 . 4 T r e s p e c t i v e l y . 

W h i l s t t h i s r e p r e s e n t s an 8 8 . 5 7 o r e d u c t i o n from the i n i t i a l 

v a l u e o f ^Qffy c o r r e s p o n d i n g change i n the v a l u e 

of a, as g i v e n by e q u a t i o n ( 4 . 1 2 ) , i s o n l y 1 . 0 7 o . 

I n o r d e r t o c o n f i r m t h a t t h i s change i n d i f f e r e n t i a l 

p e r m e a b i l i t y i s observed i n the VSM magnet, a B-I p l o t 
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f o r t h e magnet was o b t a i n e d . F i g u r e 4 . 2 2 shows t h i s 
d a t a , which has been c o r r e c t e d f o r the c o n t r i b u t i o n t o 
the f i e l d f r om the c o i l c u r r e n t ( B ^ ) , and measurements 
o f t he curve g r a d i e n t a t 0 and 1 . 4 T r e v e a l an 8 9 . 0 7 o 

change from t h e o r i g i n a l v a l u e o f f ^ ^ f f The t y p i c a l 
m i l d s t e e l d a t a can, t h e r e f o r e , be c o n s i d e r e d t o be a 
good a p p r o x i m a t i o n t o the c h a r a c t e r i s t i c o f the magnet 
p o l e / p o l e - t i p m a t e r i a l . 

A change o f 1 7 o i n t h e v a l u e o f CC produces a c o r r e s p o n d i n g 

image s i g n a l change o f VL b u t , as t h e c o n t r i b u t i o n o f 

th e image s i g n a l t o the t o t a l s i g n a l i s 2 5 7 o , t h i s would 

o n l y cause a 0 . 2 5 7 o change i n the t o t a l s i g n a l . As the 

t o l e r a n c e on t h e r e s u l t s o f the experiment t o d e t e c t 

f i e l d - d e p e n d e n t images was 0 . 1 9 7 o (see S e c t i o n 4 . 7 ( i i ) ) , 

i t i s suggested t h a t t he n o i s e on t h i s d a ta obscured 

the s i g n a l change r e s u l t i n g from t h e f i e l d - d e p e n d e n t 

image c o n t r i b u t i o n . 

I n c o n c l u s i o n , t h e r e f o r e , t he r e s u l t s o f these con­

s i d e r a t i o n s o f images have c o n f i r m e d b o t h the presence of 

p e r f e c t images a t low a i r - g a p f i e l d s and the absence 

o f d e t e c t a b l e f i e l d - d e p e n d e n t images. the former i s 

e x p l a i n e d by a v a l u e o f ^g£f = 1 7 3 5 a t low f i e l d which 

y i e l d s a v a l u e f o r a o f 0 . 9 9 9 . The absence of a 

l a r g e f i e l d - d e p e n d e n t s i g n a l i s due a r e l a t i v e l y l a r g e 

v a l u e o f Mg£f a t t h e l i m i t i n g magnet a i r - g a p f i e l d . 

T h i s suggests t h a t t he f i e l d l i m i t a t i o n i n the magnet 

a i r - g a p i s l a c k o f f i e l d c o i l w i n d i n g s r a t h e r than a 

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

by t h e absence o f a p l a t e a u r e g i o n i n F i g u r e 4 . 2 2 . 
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CHAPTER 

AUTOMATION OF THE VSM 

5.1 I n t r o d u c t i o n 

Not l o n g a f t e r the commissioning o f the VSM as 

an i t e m o f r e s e a r c h a p p a r a t u s , i t became apparent t h a t 

the i n s t r u m e n t would be h e a v i l y o v e r - s u b s c r i b e d , as 

s e v e r a l r e s e a r c h group members expressed an i n t e r e s t 

i n u s i n g i t . The m a j o r i t y o f experiments conducted 

on t h e VSM r e q u i r e t h e i n v e s t i g a t i o n o f a sta n d a r d magneti­

z a t i o n c urve (e.g. f u l l m a g n e t i z a t i o n l o o p o r i n i t i a l 

m a g n e t i z a t i o n c u r v e ) which would be re p e a t e d f o r many 

d i f f e r e n t sample m a t e r i a l s . Some o f these s t u d i e s i n v o l v e 

the t a s k o f s u b s t a n t i a l d ata a c q u i s i t i o n i n o r d e r t h a t 

a m e a n i n g f u l a n a l y s i s may be performed ( C h a n t r e l l e t 

a l . ( 1 9 7 8 ) , Hoon e t a l . ( 1 9 8 3 ) , Hoon e t a l . ( 1 9 8 5 ) ) . 

I t i s n o t uncommon, t h e r e f o r e , f o r a f u l l m a g n e t i z a t i o n 

l o o p s t u d y t o c o n t a i n n e a r l y two hundred p a i r s o f magneti­

z a t i o n and f i e l d v a l u e s . This would occupy the VSM 

o p e r a t o r f o r s e v e r a l hours i f t h e i n s t r u m e n t i s operated 

m a n u a l l y and, a p a r t from being t e d i o u s , the l e n g t h o f 

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

t o t h e d r i f t o f the r e c o r d i n g a p p a r a t u s . I t was con­

s i d e r e d d e s i r a b l e , t h e r e f o r e , t o automate the VSM c o m p l e t e l y , 

r e p l a c i n g t h e o p e r a t o r by a m i c r o c o m p u t e r - i n t e r f a c e 

system complete w i t h a comprehensive u s e r - f r i e n d l y s o f t w a r e 

package. Not o n l y would t h i s reduce e x p e r i m e n t a t i o n 

t i m e , t h e r e b y i n c r e a s i n g the work c a p a c i t y o f the i n s t r u m e n t . 
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i t would a l s o a l l o w the o p e r a t o r t o spend the time a n a l y s i n g 
p r e v i o u s l y r e c o r d e d d a t a . 

The r e c e n t advances i n microcomputer t e c h n o l o g y , 

and the a v a i l a b i l i t y o f r e l a t i v e l y i n e x p e n s i v e microcomputer/ 

i n t e r f a c e systems, have brought t h i s t a s k w e l l w i t h i n 

t h e scope o f any r e s e a r c h l a b o r a t o r y . By u s i n g such 

systems the c o s t l y replacement o f e x i s t i n g manually 

o p e r a t e d magnet power supply u n i t s by t h e i r modern p r o ­

grammable c o u n t e r p a r t s i s avoided. I n t h i s c h a p t e r 

we d e s c r i b e and r e f e r t o the equipment used t o automate 

the VSM, but t h e r e a d e r s h o u l d note t h a t t h e c h o i c e 

o f i n s t r u m e n t a t i o n was p r i m a r i l y d e t e r m i n e d by the e x i s t i n g 

l a b o r a t o r y equipment. Indeed, t h e approach t o the a u t o m a t i o n 

i s q u i t e g e n e r a l and c o u l d have been achieved u s i n g 

a v a r i e t y of e q u i v a l e n t p r o d u c t s . The t o t a l e x t r a c o s t 

i n c u r r e d by a u t o m a t i n g t h e VSM, t h e r e f o r e , has been 

k e p t below £1,500. 

5.2 A d d i t i o n a l hardware r e q u i r e m e n t s 

A p a r t from the phase s e n s i t i v e d e t e c t o r (PSD), 

gaussmeter and s i g n a l g e n e r a t o r / a m p l i f i e r d e s c r i b e d 

i n t he p r e v i o u s c h a p t e r , the o n l y a d d i t i o n a l items r e q u i r e d 

f o r complete a u t o m a t i o n are a microcomputer, an i n t e r f a c e 

system and a d i g i t a l v o l t m e t e r (DVM). The s i n g l e r e s t r i c t i o n 

on these items i s t h a t the microcomputer must support 

some i n t e r - d e v i c e communication s t a n d a r d (e.g. lEEE-

488 or RS 232) which i s a l s o s u p p o r t e d by the PSD and 

DVM. The a d d i t i o n o f a d i s c d r i v e and p r i n t e r t o the 

microcomputer, though n o t e s s e n t i a l , i s e x t r e m e l y u s e f u l 
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f o r c o n v e n i e n t , q u i c k data s t o r a g e / r e t r i e v a l and data 
o u t p u t . The i n t e r f a c e system used can be q u i t e g e n e r a l 
b u t , i n o r d e r t o f u l f i l t h e t a s k s demanded o f i t as 
d e s c r i b e d h e r e , i t must c o n t a i n a n a l o g t o d i g i t a l c o n v e r t e r s 
(ADC's), d i g i t a l t o analog c o n v e r t e r s (DAC's), stepper 
motor d r i v e r s and TTL c o m p a t i b l e b i n a r y o u t p u t s . 

The system c o n s t r u c t e d by the a u t h o r c o n t a i n s a 

CBM 4032 microcomputer ( p l u s a s t a n d a r d CBM f l o p p y - d i s c 

d r i v e and p r i n t e r ) , a Bede S c i e n t i f i c I n s t r u m e n t s MINICAM 

i n t e r f a c e and a Fluke 8860A DVM, a l l o f which support 

t h e IEEE-488 (GPIB) p a r a l l e l data bus s t a n d a r d . The 

microcomputer i t s e l f does not have a f u l l IEEE-488 s p e c i ­

f i c a t i o n , as d e s c r i b e d by the IEEE-488 (1978) GPIB s t a n d a r d , 

from w i t h i n BASIC, but machine-code r o u t i n e s are a v a i l a b l e 

( F i s c h e r and Jensen ( 1 9 8 0 ) , West (19 8 2 ) ) which p r o v i d e 

t h i s . The c o m b i n a t i o n o f microcomputer and i n t e r f a c e , 

t h e r e f o r e , forms t h e core of the c o n t r o l system from 

w h i c h a l l p e r i p h e r a l s are c o n t r o l l e d . The s o f t w a r e r e q u i r e d 

t o do t h i s i s w r i t t e n i n BASIC and i s s t o r e d permanently 

on f l o p p y d i s c . 

The MINICAM i n t e r f a c e (Bede S c i e n t i f i c I n s t r u m e n t s , 

Durham) i s an i n e x p e n s i v e modular system f o r which a 

range o f p l u g - i n boards i s a v a i l a b l e . These i n c l u d e 

t h e r e q u i r e d ADC's, DAC's, ste p p e r motor d r i v e r s and 

General Purpose Output Boards (GPOB's). The GPOB pr o v i d e s 

1 6 - b i t b i n a r y r e p r e s e n t a t i o n s o f t h e decimal numbers 

i n p u t t o them and the i n d i v i d u a l o u t p u t b i t s , which 

a r e TTL and 5V CMOS c o m p a t i b l e , can be used t o t r i g g e r 

e x t e r n a l equipment. The simple c o n s t r u c t i o n o f the 
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i n t e r f a c e r a c k a l s o p e r m i t s t he "i n - h o u s e " f a b r i c a t i o n 
o f n o n-standard boards t o p e r f o r m t a s k s p e c u l i a r t o 
a s i n g l e i t e m o f a p p a r a t u s . We d e s c r i b e l a t e r how t h i s 
a d a p t a b i l i t y has been used t o f a c i l i t a t e t h e automation 
o f t h e VSM. 

5.3 Remote magnetic moment and f i e l d measurement 

The remote measurement o f the e x t e r n a l f i e l d a p p l i e d 

t o t h e sample and i t s r e s u l t i n g magnetic moment i s . 

r e a s o n a b l y s t r a i g h t f o r w a r d . As mentioned i n an e a r l i e r 

c h a p t e r , t he f i e l d i s measured u s i n g a B e l l 640 Gaussmeter 

p l u s t r a n s v e r s e H a l l probe) which has s e n s i t i v i t y s e t t i n g s 

r a n g i n g from 0.1 t o 30,000 gauss. The Fluke DVM, which 

has a f u l l IEEE i n t e r f a c e , r e c o r d s t h e analog o u t p u t 

from t h e gaussmeter a t t h e r e q u e s t o f the microcomputer, 

and t h e data i s t h e n t r a n s m i t t e d back t o t h e microcomputer 

v i a t h e GPIB. The Fluke i s o p e r a t e d i n i t s a u t o - r a n g i n g 

mode t h r o u g h o u t t h e experiment and i t i s e x t e r n a l l y 

t r i g g e r e d i n t o t a k i n g a r e a d i n g by a s i g n a l from MINICAM's 

GPOB. The microcomputer c o n v e r t s t h e v o l t a g e l e v e l 

t o a f i e l d v a l u e from a knowledge o f the range on which 

the gaussmeter i s o p e r a t i n g . T h i s parameter i s keyed 

i n by t h e o p e r a t o r d u r i n g the program's i n i t i a l i z a t i o n 

p r o c e d u r e . 

The main d i s a d v a n t a g e i n c u r r e d u s i n g t he B e l l gauss­

meter i s t h a t i t must remain on one s e n s i t i v i t y s e t t i n g 

t h r o u g h o u t t he experiment because t h e i n s t r u m e n t has 

no i n t e l l i g e n t i n t e r f a c e . The f u l l s c a l e range t h a t 

i s s e l e c t e d , t h e r e f o r e , must r e f l e c t the maximum e x t e r n a l 
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f i e l d r e q u i r e d d u r i n g t h e experiment and t h i s r e s u l t s 
i n a l o s s o f p r e c i s i o n i n low f i e l d measurements. This 
can be overcome i f a remote r a n g i n g gaussmeter, such 
as t h e LDJ 511RR, i s used. The microcomputer i s then 
a b l e t o s e l e c t t h e most s u i t a b l e s e n s i t i v i t y s e t t i n g 
t h r o u g h o u t t h e experiment by sending t h e a p p r o p r i a t e 
c o m b i n a t i o n s o f TTL v o l t a g e l e v e l s from MINICAM's GPOB. 
I t i s a l s o apparent t h a t t h e r e m o t e l y c o n t r o l l e d DVM 
i s o n l y r e q u i r e d t o m o n i t o r t h e analog o u t p u t o f the 
gaussmeter. The p r o v i s i o n o f a gaussmeter w i t h an IEEE-
488 i n t e r f a c e would remove t h i s r e q u i r e m e n t b u t , t o 
the a u t h o r ' s knowledge, no m a n u f a c t u r e r c u r r e n t l y produces 
such an i n s t r u m e n t . 

The measurement o f the magnetic moment of the sample 

i s made by a phase s e n s i t i v e d e t e c t o r which o f f e r s a 

c o n s i d e r a b l e enhancement o f the s i g n a l t o n o i s e r a t i o 

(see Chapter 4 ) . The i n s t r u m e n t used h e r e , a Brookdeal 

(EGeG) 5206 L o c k - I n A n a l y s e r , has a f u l l IEEE i n t e r f a c e 

w hich p e r m i t s measurements t o be r e c o r d e d r e m o t e l y v i a 

the GPIB. The magnetic moment, and hence the m a g n e t i z a t i o n , 

i s c a l c u l a t e d from t h e a m p l i t u d e o f t h e induced v o l t a g e 

i n t h e d e t e c t i o n c o i l s . T his r e q u i r e s a knowledge o f 

th e induced v o l t a g e from the N i c k e l c a l i b r a t i o n sample 

and the mass o f b o t h c a l i b r a t i o n and t e s t samples. These 

v a l u e s are a l s o p r o v i d e d by the o p e r a t o r a t the b e g i n n i n g 

o f t he e x p e r i m e n t . 

The microcomputer i s a b l e t o e x e r c i s e a b s o l u t e 

c o n t r o l o ver t h e PSD. I t can a l t e r t h e s e n s i t i v i t y , 

t i m e c o n s t a n t and phase o f t h e a n a l y s e r , f o r example, 
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as w e l l as r e q u e s t i n g data from i t . Use has been made 

of t h i s a b i l i t y by w r i t i n g s o f t w a r e t h a t e l i m i n a t e s 

any d i r e c t i n t e r a c t i o n between the o p e r a t o r and the 

PSD. The i n s t r u m e n t can, t h e r e f o r e , be set up e x a c t l y 

as r e q u i r e d by t y p i n g simple commands t o the microcomputer. 

The c o n f i g u r a t i o n o f the a n a l y s e r can be d i s p l a y e d on 

th e VDU and seen a t a g l a n c e . Any a c c i d e n t a l d i s t u r b a n c e 

o f t h e i n s t r u m e n t i s p r e v e n t e d by u s i n g the remote o p e r a t i n g 

mode t o d i s a b l e t h e f r o n t panel s w i t c h e s . 

5.4 Communication problems v i a the GPIB 

The communication between t h e CBM 4032 microcomputer 

and b o t h the Fluke M u l t i m e t e r and Brookdeal L o c k - i n 

a n a l y s e r v i a t h e IEEE bus (GPIB) i s not q u i t e t r i v i a l . 

B oth t h e Fluke and the Brookdeal have f u l l IEEE i n t e r f a c e 

s p e c i f i c a t i o n s and t h e y expect t h e c o n t r o l l e r t o be 

e q u a l l y c a p a b l e . I n p a r t i c u l a r , b o t h devices expect 

t o be p o l l e d by the c o n t r o l l e r t o determine t h e i r s t a t u s 

when d a t a i s expected from them. The 4032 i s not capable 

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

f r o m BASIC b u t , by u s i n g machine code r o u t i n e s , such 

p o l l s are p o s s i b l e . Texts d e a l i n g s p e c i f i c a l l y w i t h 

CBM microcomputers ( F i s c h e r and Jensen (1980), West 

(1 9 8 2 ) ) c o n t a i n o u t l i n e s o f such r o u t i n e s and, by r e f e r r i n g 

t o t h e s e , a g e n e r a l machine code r o u t i n e was w r i t t e n 

t o conduct a s e r i a l p o l l o f any IEEE d e v i c e . This code 

was blown i n t o an EPROM which was t h e n p l a c e d i n a spare 

s o c k e t i n s i d e t h e microcomputer. A complete d e s c r i p t i o n 

o f t h e l o c a t i o n and l i s t i n g o f t h i s machine code r o u t i n e 
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i s t o be found i n Appendix E. 

A l t h o u g h communication between the c o n t r o l l e r and 

the Fluke and Brookdeal was p o s s i b l e w i t h o u t c o n d u c t i n g 

a s e r i a l p o l l , t h e u n r e l i a b i l i t y o f t h e da t a t r a n s f e r 

o f t e n produced d a t a c o r r u p t i o n and sometimes a system 

c r a s h , n e i t h e r o f which c o u l d be t o l e r a t e d . The a d d i t i o n 

o f t h e s e r i a l p o l l has, t h e r e f o r e , ensured complete 

r e l i a b i l i t y o f the remote data t a k i n g process. 

5.5 Au t o m a t i c f i e l d c o n t r o l 

The e l e c t r o m a g n e t ' s f i e l d c o i l c u r r e n t i s s u p p l i e d 

by an e l d e r l y motor g e n e r a t o r which p r o v i d e s a u n i p o l a r 

350 v o l t - 30 amp c o n s t a n t c u r r e n t supply (see Chapter 

4 ) . The o n l y m o d i f i c a t i o n s t h a t have been made t o t h i s 

s u p p l y are the p r o v i s i o n o f an i n t e r n a l p r e c i s i o n v o l t a g e 

source and t h e s c r e e n i n g o f v a r i o u s i n t e r n a l l e a d s . 

The p r e c i s i o n v o l t a g e supply has been used t o r e p l a c e 

t h e r e f e r e n c e b a t t e r y i n the e r r o r a m p l i f i e r c i r c u i t r y , 

t h us e l i m i n a t i n g t h e r e g u l a r and c o s t l y replacement 

o f such a b a t t e r y . The s c r e e n i n g o f a l l i n t e r n a l l e a d s , 

i n p a r t i c u l a r those l e a d i n g t o and from t h e e r r o r a m p l i f i e r 

c i r c u i t , has s u b s t a n t i a l l y reduced t he 50 Hz no i s e pr e s e n t 

i n t h e su p p l y ' s o u t p u t . 

F u l l m a g n e t i z a t i o n loops r e q u i r i n g b o t h f o r w a r d 

and r e v e r s e f i e l d s , cannot be o b t a i n e d w i t h t h i s supply 

u n l e s s t h e c o n n e c t i o n s from t he su p p l y t o the magnet 

are r e v e r s e d . T h i s was achieved manually by a st a n d a r d 

r e v e r s i n g swDtch, and normal w o r k i n g p r a c t i c e i n v o l v e d 

s w i t c h i n g t h e motor g e n e r a t o r o f f , and a l l o w i n g i t t o 

come t o r e s t , b e f o r e the c o n n e c t i o n s were r e v e r s e d . 
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Two p o t e n t i a l hazards were avo i d e d by t h i s p r a c t i c e . 
F i r s t l y , i t removed the p o s s i b i l i t y o f r e v e r s i n g the 
c o n n e c t i o n s t o the magnet w i t h s i g n i f i c a n t c u r r e n t f l o w i n g 
t h r o u g h i t . Such an a c t i o n would r e s u l t i n the g e n e r a t i o n 
o f a l a r g e back e.m.f., due t o the f l u x c o l l a p s e i n 
the magnet, t h a t c o u l d damage b o t h magnet and supply 
u n i t . I t a l s o p r e v e n t e d the motor g e n e r a t o r supply 
s e e i n g an i n f i n i t e impedance l o a d (open c i r c u i t ) f o r 
l a r g e f r a c t i o n s o f a second. T h i s would cause the p o t e n t i a l 
g e n e r a t e d by the s u p p l y t o r i s e d r a m a t i c a l l y u n t i l the 
l o a d was r e c o n n e c t e d , a t which p o i n t l a r g e f i e l d t r a n s i e n t s 
would occur i n the magnet as t h e s u p p l y r e g a i n e d i t s 
s t a b i l i t y . As a r e s u l t , t he f i e l d a p p l i e d t o the sample 
would no l o n g e r be p r o g r e s s i n g i n smooth i n c r e m e n t s , 
thus f o r c i n g a d e p a r t u r e from the sample's major m a g n e t i z a t i o n 
c u r v e . The b i g g e s t o b s t a c l e t o complete a u t o m a t i o n 
o f t he VSM was, t h e r e f o r e , t h e p r o v i s i o n o f a safe and 
r e l i a b l e method o f c u r r e n t r e v e r s a l t h a t a v o i d s the 
above hazards. 

The remote c o n t r o l o f t h e s u p p l y c u r r e n t was achieved 

by s i m p l y u s i n g a s t e p p e r motor t o d r i v e the main c u r r e n t 

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

the s t e p p e r motor t o the t e n - t u r n p o t e n t i o m e t e r by a 

15:1 M u f f e t gearbox which i s connected t o the r e a r end 

o f t h e p o t e n t i o m e t e r s h a f t (see F i g u r e 5.1). I n t h i s 

way, t h e whole gearbox/motor assembly i s c o n t a i n e d i n s i d e 

t h e s u p p l y u n i t , and the manual o p e r a t i o n o f the c u r r e n t 

c o n t r o l p o t e n t i o m e t e r (when d e s i r e d ) i s unimpeded. 

The m o t i o n o f the s t e p p e r motor i s c o n t r o l l e d by the 
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microcomputer, v i a a d r i v e r board i n MINICAM, which 
i s a b l e t o s e l e c t t h e d i r e c t i o n o f r o t a t i o n , the t o t a l 
s t e p movement and t h e time i n t e r v a l between each s t e p . 
Measurements have shown t h a t a s i n g l e s t e p r e s u l t s i n 
a f i e l d change o f a p p r o x i m a t e l y 3 gauss when the magnet 
i s o p e r a t e d i n i t s l i n e a r c u r r e n t - f i e l d r e g i o n (see 
F i g u r e 4.22). The f i e l d s t a b i l i t y a t any v a l u e has 
been found t o be - 0.3 gauss over a p e r i o d o f s e v e r a l 
hours . 

The remote r e v e r s a l o f t h e magnet supply i s achieved 

u s i n g a p o w e r - l a t c h i n g r e l a y o p e r a t e d by l o g i c c i r c u i t r y 

t h a t i s e i t h e r m a n ually o r computer c o n t r o l l e d . The 

s a f e o p e r a t i o n o f t h i s r e v e r s a l r e l a y i s ensured by 

d e t e r m i n i n g the magnet c u r r e n t b e f o r e changeover takes 

p l a c e . A low r e s i s t a n c e (2.5 mQ) has been added i n 

s e r i e s w i t h the magnet and, by m o n i t o r i n g the v o l t a g e 

p o t e n t i a l across t h e r e s i s t o r , the c o n t r o l l e r / m i c r o c o m p u t e r 

i s a b l e t o make sure t h a t m inimal c u r r e n t i s f l o w i n g 

b e f o r e a t t e m p t i n g r e v e r s a l . The p o t e n t i a l i s measured 

by the Fluke M u l t i m e t e r which now has two v o l t a g e s i g n a l s 

t o m o n i t o r , the o t h e r b e i n g the analog o u t p u t from the 

gaussmeter. A Time E l e c t r o n i c s 9812 programmable s w i t c h , 

which i s c o n t r o l l e d v i a the GPIB, performs the necessary 

s w i t c h i n g o f i n p u t s t o t h e Fluke a t the r e q u e s t o f the 

microcomputer. I n t h i s way the remote r e v e r s a l o f magnet 

c u r r e n t i s p r e v e n t e d u n t i l t he c u r r e n t f a l l s below a 

s e t l i m i t o f 1 x 10 amps. E x a c t l y the same c r i t e r i o n 

i s a p p l i e d by t h e human o p e r a t o r , who i s able t o m o n i t o r 

t h e p o t e n t i a l across the 2.5 mQ r e s i s t o r by u s i n g the 
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programmable s w i t c h i n i t s manual mode. ( I t should 

be n o ted here t h a t t he p r o v i s i o n o f a commercial programmable 

s w i t c h i s n o t e s s e n t i a l and the s w i t c h i n g o f i n p u t s 

t o t h e Fluke can be ac h i e v e d by a "home-made" r e l a y 

board f o r t h e MINICAM system (see, f o r example, s e c t i o n 

5.9) . 

The procedure adopted by the microcomputer when 

c o n t r o l l i n g t h e c u r r e n t , t h e r e f o r e , i s t o m o n i t o r t he 

f i e l d v a l u e , w h i l s t ramping t h e c u r r e n t up and down, 

u n t i l i t approaches t he remanence v a l u e o f the po l e 

p i e c e s (150 gauss ( o r 12 kAm"''")). At t h i s p o i n t b o t h 

f i e l d v a l u e s and magnet c u r r e n t a re s t u d i e d u n t i l t h e 
_2 

c u r r e n t f a l l s below 1 x 10 amps and the microcomputer 

i n i t i a t e s t h e c u r r e n t r e v e r s a l . 

The problem o f v o l t a g e t r a n s i e n t s o c c u r r i n g a t 

changeover i s a v o i d e d by the v e r y s h o r t d u r a t i o n o f 

the "open c i r c u i t " c o n d i t i o n . The maximum o p e r a t i n g 

t i m e f o r t h e r e l a y (25 m i l l i s e c o n d s ) i s much s m a l l e r 

t h a n t h e response t i m e o f the supply's c o n t r o l c i r c u i t r y 

and t h e o u t p u t remains s t a b l e as a r e s u l t . 

The l o g i c c i r c u i t r y which c o n t r o l s t he r e v e r s i n g 

r e l a y i s c o n t a i n e d on a p r i n t e d c i r c u i t board which, 

t o g e t h e r w i t h t h e l a t c h i n g r e l a y and the 2.5 mQ r e s i s t o r , 

i s a l s o mounted i n s i d e t h e supply u n i t . The mode o f 

o p e r a t i o n o f t h e c i r c u i t r y , whether manual or remote, 

i s s e l e c t e d by a pane l mounted s w i t c h . I n d i c a t o r l i g h t s 

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

sensed i n d i c a t i o n s o f t h e s t a t e o f t h e l o g i c a t a l l 

t i m e s . The c i r c u i t r y a l s o c o n t a i n s a v o l t a g e comparator 
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ne t w o r k which a u t o m a t i c a l l y p r e v e n t s any c u r r e n t r e v e r s a l 
f o r magnet c u r r e n t s g r e a t e r t h a n 0.15 Amps. While t h i s 
c u r r e n t v a l u e i s not as low as the c r i t e r i o n o f 1 x 10 amps 
t h a t i s r e q u i r e d f o r a smooth r e v e r s a l , i t i s s t i l l 
low enough t o a v o i d permanent damage i f t he supply i s 
r e v e r s e d a c c i d e n t a l l y . The occ u r r e n c e o f such damage 
has been made l e s s l i k e l y s t i l l by t h e a d d i t i o n o f a 
h i g h power d i o d e i n r e v e r s e b i a s across t h e supply. 
Any back e.m.f. from t he magnet c o i l s w i l l be sunk by 
th e d i o d e and w i l l n o t , t h e r e f o r e , reach t h e supply. 
(A d e t a i l e d d e s c r i p t i o n o f t h e l o g i c c i r c u i t r y and how 
i s i t c o n t r o l l e d and m o n i t o r e d under b o t h manual and 
remote c o n t r o l i s g i v e n a t the end o f t h i s c h a p t e r (see 
S e c t i o n 5 . 9 ) ) . 

5.6 S a f e t y p r o t e c t i o n o f the c u r r e n t r e v e r s a l apparatus 

I n o r d e r t o ensure t h e c o m p l e t e l y safe o p e r a t i o n 

o f t h e povjer l a t c h i n g r e l a y t h r o u g h o u t an experiment, 

c e r t a i n p r e c a u t i o n s must be tak e n t o p r e v e n t the s l i g h t e s t 

p o s s i b i l i t y o f c u r r e n t r e v e r s a l a t h i g h f i e l d s . Such 

p o s s i b i l i t i e s i n c l u d e the c o r r u p t i o n o f t h e l o g i c c i r c u i t r y 

by e l e c t r i c a l n o i s e from o t h e r l a b o r a t o r y a p p a r a t u s , 

and t h e a c c i d e n t a l o p e r a t i o n o f the c i r c u i t r y caused 

by e l e c t r i c a l f a i l u r e o r human e r r o r . The l a t t e r case 

i s p r e v e n t e d by t h e v o l t a g e comparator o v e r - r i d e system 

a l r e a d y d e s c r i b e d , but even s p u r i o u s r e v e r s a l s a t c u r r e n t s 

l e s s t h a n 0.15 amps are unwanted because t h e e x p e r i m e n t a l 

d a t a w i l l be c o r r u p t and a r e p e a t experiment i s necessary. 
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The l o g i c c i r c u i t r y i s designed t o be as r e s i s t a n t 
as p o s s i b l e t o e x t e r n a l n o i s e , but even the remotest 
p o s s i b i l i t y o f c o r r u p t i o n , and hence c u r r e n t r e v e r s a l , 
cannot be t o l e r a t e d . W h i l s t i t i s e x t r e m e l y d i f f i c u l t 
t o remove these p o s s i b i l i t i e s c o m p l e t e l y ; i t i s p o s s i b l e 
t o p r e v e n t t h e consequences o f such e f f e c t s . T his approach 
has been f o l l o w e d here. Two s w i t c h e s have been added, 
i n p a r a l l e l t o each o t h e r , which n o r m a l l y i n t e r r u p t 
th e power s u p p l i e d t o t h e set and r e s e t c o i l s o f the 
l a t c h i n g r e l a y (see F i g u r e 5.2). One i s a manual t o g g l e 
s w i t c h which r e s e t s when r e l e a s e d . The o t h e r i s a d u a l -
i n - l i n e ( d . i . l . ) r e l a y which i s o p e r a t e d r e m o t e l y v i a 
MINICAM (see s e c t i o n 5.9). The a d d i t i o n o f the swi t c h e s 
means t h a t t h e l o g i c s t a t e can be m o n i t o r e d and a l t e r e d 
e i t h e r r e m o t e l y o r manually b e f o r e t he l a t c h i n g r e l a y 
i s e n e r g i z e d b r i e f l y by e i t h e r s w i t c h . Any c o r r u p t i o n 
o f t h e l o g i c c i r c u i t r y w i l l n o t , t h e r e f o r e , cause a 
r e v e r s a l o f the magnet s u p p l y u n t i l e i t h e r o f these 
s w i t c h e s i s d e l i b e r a t e l y a c t i v a t e d . The microcomputer 
i s a b l e t o d e t e c t and c o r r e c t these unprompted r e v e r s a l s 
by m o n i t o r i n g t he analog v o l t a g e i n d i c a t i o n s o f the 
l o g i c s t a t e v i a an ADC i n MINICAM. This a b i l i t y i s 
most u s e f u l when r e v e r s i n g t h e c u r r e n t as the m i c r o ­
computer i s a b l e t o check t h a t the o p e r a t i o n has been 
s u c c e s s f u l . Any f a i l u r e i n the r e v e r s a l procedure causes 
a r e p e t i t i o n o f t h e command t o r e v e r s e u n t i l i t has 
been done. The r e l i a b i l i t y o f the system t o r e v e r s e 
on command approaches 1007o and the most common cause 
o f a c o n s i s t e n t f a i l u r e i s the f a u l t o f the o p e r a t o r 
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i n n e g l e c t i n g t o s w i t c h the l o g i c c i r c u i t r y t o remote 
c o n t r o l . 

F u r t h e r s a f e t y c o n s i d e r a t i o n s must i n c l u d e the 

e f f e c t s o f mains power f a i l u r e and microcomputer "systems 

c r a s h " . Power f a i l u r e s o f s e v e r a l minutes d u r a t i o n 

do n o t cause problems as the motor g e n e r a t o r w i l l be 

s t a t i o n a r y l o n g b e f o r e power i s r e s t o r e d . The g e n e r a t o r 

w i l l n o t t h e n r e s t a r t u n t i l a s t a r t e r b u t t o n i s manually 

o p e r a t e d and t h e r e i s no p o s s i b i l i t y , t h e r e f o r e , o f 

a h i g h f i e l d c u r r e n t r e v e r s a l . Short mains f a i l u r e s , 

o f t h e o r d e r o f 20 seconds, are more o f a problem. 

Once th e g e n e r a t o r has been t r i p p e d out by t h e f a i l u r e 

i t w i l l slow down, and e v e n t u a l l y come t o r e s t a f t e r 

a p p r o x i m a t e l y one minute d e s p i t e the r e t u r n o f power. 

U n t i l i t i s s t a t i o n a r y , however, i t i s s t i l l a b l e t o 

produce a s i g n i f i c a n t o u t p u t . 

The l o g i c c o n t r o l c i r c u i t r y always powers up i n 

t h e " f o r w a r d " s t a t e and any mains f a i l u r e l a s t i n g l o n g e r 

t h a n 3 t o 4 seconds w i l l r e s u l t i n the l o g i c r e v e r t i n g 

t o t h i s s t a t e on power r e t u r n . I f the magnet i s b e i n g 

o p e r a t e d i n t h e r e v e r s e mode a t the moment o f f a i l u r e 

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

power. For t h i s t o occur a s p u r i o u s s i g n a l would have 

t o be sent t o t h e r e m o t e l y o p e r a t e d s w i t c h which i s o l a t e s 

t h e r e l a y s e n e r g i z i n g c o i l s , but t h i s i s n o t t o t a l l y 

i n c o n c e i v a b l e . 

The p r o t e c t i o n o f t h e l o g i c c i r c u i t r y ' s power supply 

d u r i n g such f a i l u r e s i s a l l t h a t i s r e q u i r e d t o a v e r t 

t h i s p o t e n t i a l danger. A 12 v o l t l e a d - a c i d b a t t e r y 
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i s s w i t c h e d i n t o supply the c i r c u i t r y when f a i l u r e s 
o ccur and i t can s u s t a i n the i n t e g r i t y o f t h e board 
f o r s e v e r a l m i n u t e s . An i n d i c a t o r lamp s i g n a l s the 
o p e r a t i o n o f the b a t t e r y . On the r e t u r n o f power the 
b a t t e r y and lamp are s w i t c h e d out and the b a t t e r y i s 
c o n t i n u o u s l y t r i c k l e charged, thus e l i m i n a t i n g the need 
f o r i t s r e g u l a r maintenance which would o t h e r w i s e i n t e r r u p t 
the c o n s t a n t use o f the VSM. 

A "systems cr a s h " i n the microcomputer w i l l o n l y 

damage the magnet i f i t occurs when t h e c u r r e n t i s above 

the maximum c o n t i n u o u s c u r r e n t r a t i n g , as i t w i l l remain 

a t t h i s s e t t i n g i n d e f i n i t e l y . O v e r h e a t i n g and damage 

t o t h e magnet would n o r m a l l y occur b u t f o r the a d d i t i o n 

o f a t h e r m a l s n a p - s w i t c h p l a c e d i n t h e r m a l c o n t a c t w i t h 

the c u r r e n t w i n d i n g s . The s w i t c h c o n t a c t s are connected 

i n s e r i e s w i t h t h e manually o p e r a t e d g e n e r a t o r stop 

s w i t c h and, on r e a c h i n g t h e c r i t i c a l t e m p e r a t u r e , the 

s w i t c h b r e a k s , t h e power t o the g e n e r a t o r i s removed 

and t h e c u r r e n t i n the magnet c o i l s r a p i d l y reduces 

t o z e r o . 

The a d d i t i o n o f the above s a f e t y f e a t u r e s has, 

t h e r e f o r e , e l i m i n a t e d t he damaging e f f e c t s t o magnet 

and s u p p l y o f a l l t he f o r e s e e n f a i l u r e s i n t h e apparatus 

and t h e method o f o p e r a t i o n . The c u r r e n t r e v e r s a l procedure 

has been made more complex as a r e s u l t , and t h e r e i s 

a f i x e d sequence o f events t h a t t h e microcomputer must 

f o l l o w i n o r d e r t o c o n t r o l t h e c u r r e n t ramping f o r any 

m a g n e t i z a t i o n s t u d y . By way o f example. F i g u r e 5.3 

shows a f l o w c h a r t i n d i c a t i n g t h e sequence necessary 
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F i g u r e 5.3 Flow c h a r t i n d i c a t i n g sequence o f o p e r a t i o n s _ 
r e q u i r e d t o c o n t r o l s u p p l y c u r r e n t f o r a f u l l m a g n e t i z a t i o n 
l o o p s t u d y . 
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t o c o n t r o l t h e su p p l y c u r r e n t f o r a f u l l m a g n e t i z a t i o n 
l o o p . W i t h r e f e r e n c e t o the c h a r t i t can be seen t h a t 
a d d i t i o n a l c o n d i t i o n a l s t atements have been added t o 
p r e v e n t t he microcomputer t r y i n g t o reach a f i e l d v alue 
n o t p o s s i b l e w i t h t h e p r e s e n t e l e c t r o m a g n e t o r t o d e t e c t 
an o v e r - r a n g e c o n d i t i o n i n the gaussmeter. These clauses 
have o n l y proved t o be necessary because o f o p e r a t o r 
e r r o r i n s e l e c t i n g an i n c o r r e c t gaussmeter range or 
maximum f i e l d v a l u e . Apart from such human e r r o r s the 
c u r r e n t c o n t r o l system has now been o p e r a t i n g s u c c e s s f u l l y 
f o r o v er two y e a r s , d u r i n g which time no f a i l u r e has 
o c c u r r e d . 

5.7 S o f t w a r e r e q u i r e m e n t s f o r automated VSM o p e r a t i o n 

The complete VSM a p p a r a t u s , d e s c r i b e d so f a r , i s 

shown i n d i a g r a m m a t i c a l b l o c k form i n F i g u r e 5.4. The 

remote o p e r a t i o n o f the e n t i r e system r e q u i r e s a s o f t w a r e 

package which has a f i r m command o f the equipment, but 

s t i l l p e r m i t s f l e x i b i l i t y o f o p e r a t i o n . A u s e r - f r i e n d l y 

c o n t r o l program has been w r i t t e n , t h e r e f o r e , which a l l o w s 

the o p e r a t o r t o s p e c i f y t he exa c t n a t u r e o f the experiment 

as w e l l as t h e d e t a i l e d c o n f i g u r a t i o n o f t h e apparatus. 

The program has been w r i t t e n as a c o l l e c t i o n o f sub­

r o u t i n e s , w i t h each one p e r f o r m i n g a s p e c i f i c t a s k . For 

example, t h e r e are s u b r o u t i n e s f o r i n c r e a s i n g and de c r e a s i n g 

the c u r r e n t b e f o r e and a f t e r c u r r e n t r e v e r s a l , as w e l l 

as s u b r o u t i n e s f o r r e c o r d i n g m a g n e t i z a t i o n and f i e l d 

v a l u e s , and r e v e r s i n g t he c u r r e n t d i r e c t i o n e t c e t e r a . 

The advantages o f t h i s method o f program c o n s t r u c t i o n 
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are t w o f o l d . F i r s t l y , t h e i n s t r u c t i o n s e t , which determines 
th e f o rm o f the experiment by the o r d e r i n which the 
s u b r o u t i n e s are c a l l e d , i s r e l a t i v e l y s h o r t and si m p l e . 
Secondly, i t p e r m i t s the p r e s e n t a t i o n o f menus of o p t i o n s 
t o t h e u s e r , t h e r e b y c r e a t i n g g r e a t e r f l e x i b i l i t y i n 
b o t h t he fo r m o f t h e experiment and the d e t a i l e d requirements 
o f t h e form chosen. 

The i n i t i a l p a r t o f the program i n v o l v e s c o n s i d e r a b l e 

i n t e r a c t i o n w i t h t h e user w h i l e t h e p e r i p h e r a l equipment 

i s s e t up. The c o n t a c t between t h e user and the equipment 

i s reduced t o a minimum and, where t h i s i s u n a v o i d a b l e , 

f u l l d e t a i l s o f any manual s e t t i n g s are re q u e s t e d . 

The user t h e n decides on the form o f the experiment, 

c h o o s i n g between a f u l l m a g n e t i z a t i o n l o o p , an i n i t i a l 

m a g n e t i z a t i o n curve o r a d e t a i l e d s t udy o f the c o e r c i v e 

f i e l d . I n f o r m a t i o n must t h e n be p r o v i d e d about the 

maximum a p p l i e d f i e l d r e q u i r e d , t h e number of data p o i n t s 

t o be r e c o r d e d between c e r t a i n chosen f i e l d v a l u e s , 

th e mass o f b o t h t e s t and c a l i b r a t i o n samples, and the 

s i g n a l a m p l i t u d e r e c o r d e d f o r the c a l i b r a t i o n sample. 

At each stage t h e i n f o r m a t i o n g i v e n can be checked and 

c o r r e c t e d i f a m i s t a k e has been made. When t h i s i s 

complete t h e microcomputer i s l e f t t o conduct the e x p e r i ­

ment . 

D u r i n g t h e course o f t h e r u n messages are d i s p l a y e d 

on t h e VDU which g i v e the user i n f o r m a t i o n about the 

c u r r e n t s t a t e o f t h e exp e r i m e n t . A l s o d i s p l a y e d are 

th e t e n p a i r s o f m a g n e t i z a t i o n and f i e l d v a l u e s , recorded 

a t each s e l e c t e d f i e l d s e t t i n g , f rom which the average 
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and s t a n d a r d e r r o r r e s u l t s are c a l c u l a t e d . These r e s u l t s 
are t h e n s t o r e d on f l o p p y d i s c from where t h e y can be 
p l o t t e d and/or l i s t e d a t the end o f the experiment. 
The r e s u l t s are p l o t t e d on an X-Y r e c o r d e r v i a two DAC's 
i n MINICAM u s i n g a separate program. A l t e r n a t i v e l y 
th e c o r r e c t e d curve can be p l o t t e d , a f t e r allowance 
i s made f o r t h e sample's demagnetizing f i e l d , i f the 
user has s u p p l i e d t h e r e l e v a n t d e m a g n e t i z i n g f a c t o r . 
F i g u r e 5.5 shows a t y p i c a l m a g n e t i z a t i o n l o o p o f a N i c k e l 
sample, o b t a i n e d u s i n g t he c o n t r o l program, f o r which 
no d e m a g n e t i z i n g c o r r e c t i o n has been made. The g r e a t e s t 
d a t a p o i n t d e n s i t y has been chosen t o c o i n c i d e w i t h 
th e r e g i o n o f g r e a t e s t m a g n e t i z a t i o n change and f a l l s 
o f f as s a t u r a t i o n i s approached. The whole r u n c o n s i s t s 
o f 200 p a i r s o f m a g n e t i z a t i o n and f i e l d v a l u e s f o r e x t e r n a l 
f i e l d s up t o a maximum o f 1 t e s l a and too k a p p r o x i m a t e l y 
two hours t o complete. 

The a u t o m a t i o n o f t h e VSM, t h e r e f o r e , has not o n l y 

proved i t s e l f f a r q u i c k e r t h a n t he e q u i v a l e n t manually 

o p e r a t e d e x p e r i m e n t , i t has a l s o a l l o w e d t he user t o 

spend h i s t i m e a n a l y s i n g the data i n s t e a d o f c o l l e c t i n g 

i t ! 

Complete l i s t i n g s o f and notes about the VSM c o n t r o l 

program and t h e p l o t t i n g program are g i v e n i n Appendices 

F and G r e s p e c t i v e l y . 

5.8 F u t u r e development 

I t i s i n t e n d e d t h a t the next development o f the 

VSM appar a t u s w i l l i n v o l v e t he a u t o m a t i o n o f the gas-
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f l o w c r y o s t a t system ( d e s c r i b e d i n Chapter 4 ) , a schematic 
diagram o f which i s shown i n F i g u r e 5.6. 

The o p e r a t i o n o f the system i s s t r a i g h t f o r w a r d . 

The f l o w o f h e l i u m i n t o t h e c r y o s t a t , and the pressure 

o f h e l i u m exchange gas i n the sample space, are both 

c o n t r o l l e d by needle v a l v e s i n the exhaust and c y l i n d e r 

l i n e s . The exchange gas te m p e r a t u r e i s determined from 

a thermocouple o u t p u t by a c o n v e n t i o n a l temperature 

c o n t r o l l e r ( O x f o r d I n s t r u m e n t s 3120 Temperature C o n t r o l l e r ) 

w h i c h t h e n r e g u l a t e s t he power s u p p l i e d t o the h e a t e r 

i n o r d e r t o m a i n t a i n the gas te m p e r a t u r e a t the s e l e c t e d 

v a l u e . The s e t t i n g o f the c o n t r o l l e r i s achieved u s i n g 

e i t h e r a f r o n t panel p o t e n t i o m e t e r o r a 0-5 V o l t analog 

s i g n a l . Once the apparatus has been assembled, t h e r e f o r e , 

t h e m o n i t o r i n g and adjustment o f t h e exhaust l i n e and 

sample space p r e s s u r e , t o g e t h e r w i t h the r e s e t i n g o f 

the t e m p e r a t u r e c o n t r o l l e r , i s a l l t h a t i s r e q u i r e d 

f o r i t s e f f i c i e n t o p e r a t i o n . 

The a u t o m a t i o n o f t h i s system w i l l be bo t h simple 

and i n e x p e n s i v e as i t i s planned t o make use o f the 

a v a i l a b l e DAC, ADC and st e p p e r motor d r i v e boards on 

MINICAM. The p r e s s u r e i n b o t h exhaust l i n e and sample 

space w i l l be determined r e m o t e l y by the o u t p u t from 

two p r e s s u r e t r a n s d u c e r s . Any ad j u s t m e n t w i l l then 

be made by a p a i r o f s t e p p e r motors which w i l l a l t e r 

t h e needle v a l v e s e t t i n g s . The s e l e c t i o n o f the o p e r a t i n g 

t e m p e r a t u r e w i l l be made by an ana l o g s i g n a l i n p u t t o 

the t e m p e r a t u r e c o n t r o l l e r from a DAC i n MINICAM, a l t h o u g h 

t h e microcomputer w i l l a l s o m o n i t o r t he thermocouple 
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o u t p u t i n d e p e n d e n t l y . I n t h i s way the microcomputer 
w i l l be a b l e t o ensure t h e onset o f temperature s t a b i l i t y 
b e f o r e making any magnetic measurements. 

A d d i t i o n a l s o f t w a r e w i l l have t o be w r i t t e n t o 

c o n t r o l these e x t r a f u n c t i o n s f o r t h e d u r a t i o n o f the 

e x p e r i m e n t . Once t h i s i s complete, however, an automated 

s e r i e s o f magnetic measurements between 4.2 and 500 K 

w i l l t h e n be r o u t i n e . 

5.9 D e t a i l e d d e s c r i p t i o n o f l o g i c c i r c u i t r y and a d d i t i o n a l 

c i r c u i t r y r e q u i r e d f o r normal o p e r a t i o n 

The i n t e g r a t e d c i r c u i t t h a t forms the core o f the 

l o g i c c i r c u i t r y i s a 7470 and-gated J-K p o s i t i v e - e d g e -

t r i g g e r e d f l i p - f l o p ( F i g u r e 5 . 7 ( a ) ) . When a l l the i n p u t s 

t o t h e 7470 are h e l d h i g h the two o u t p u t s t o g g l e on 

t h e p o s i t i v e edge o f a p u l s e s u p p l i e d t o the c l o c k i n p u t 

(see F i g u r e 5 . 7 ( b ) ) . These TTL o u t p u t s are used t o 

d r i v e two d r y c o n t a c t d u a l - i n - l i n e ( d . i . l . ) reed r e l a y s , 

which have a 240 V a.c. s w i t c h r a t i n g , v i a a DS 3686N 

e q u i v a l e n t r e l a y d r i v e r ( F i g u r e 5 . 8 ( a ) ) . The d . i . l . 

r e l a y s , i n t u r n , c o n t r o l the s u p p l y o f 240 V a.c. t o 

t h e mains r a t e d s e t and r e s e t c o i l s o f the p o w e r - l a t c h i n g 

r e l a y ( F i g u r e 5 . 8 ( b ) ) . Thus the p o s i t i v e edge o f each 

c l o c k p u l s e s u p p l i e d t o t h e 7470 causes t h e r e l a y c o n t a c t s 

t o r e v e r s e s t a t e . 

The c l o c k p u l s e i s s u p p l i e d manually by a s t a n d a r d 

p u s h - b u t t o n s w i t c h , mounted on t h e supply u n i t , which 

has been made "bounceless" by a s i m p l e b i s t a b l e c o n s t r u c t e d 

from a p a i r o f NAND l o g i c gates ( F i g u r e s 5.9(a) and 
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F i g u r e 5.7 
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( b ) ) . Bounce on any p a i r of switch contacts cannot 
be t o l e r a t e d as i t would cause the l o g i c , and hence 
the l a t c h i n g r e l a y , to toggle an indeterminable number 
of times. The l o g i c s i g n a l t r a n s m i t t e d t o the clock 
i n p u t of the 7470 i s normally i n the low s t a t e and i t 
becomes high only when the switch i s f u l l y depressed. 

The microcomputer uses two relays to mimic the 
a c t i o n of the manual switch when remote c o n t r o l i s required, 
These relays are located on an "in-house" f a b r i c a t e d 
board s i t u a t e d i n the MINICAM rack (Figure 5.10). The 
TTL inputs to the board are provided by MINICAM's GPOB. 
The relays A and B share a common ter m i n a l which i s 
held to ea r t h . By a c t i v a t i n g A ( w i t h r e l a y B o f f ) , and 
vice-versa, the r e l a y board outputs are equivalent to the 
manual switch i n i t s relaxed or depressed s t a t e r e s p e c t i v e l y . 
When both r e l a y s are o f f the outputs are equivalent 
to the manual switch being mid-way between both sets 
of contacts. Thus, by f o l l o w i n g the c o r r e c t sequence 
the microcomputer i s able to copy the a c t i o n of the 
manual switch e x a c t l y and thereby create a l o g i c r e v e r s a l . 
This sequence i s : 

(a) a c t i v a t e r e l a y A, 
(b) d e a c t i v a t e r e l a y A, and a c t i v a t e r e l a y B, 
(c) d e a c t i v a t e r e l a y B. 

As sta t e d e a r l i e r , the l o g i c signals required to 
a c t i v a t e the r e l a y s are provided by MINICAM's GPOB. 
When t h i s board i s addressed i n i t i a l l y w i t h the parameter 
N7o set equal to zero a l l the outputs r i s e to a high 
s t a t e (TTL = " 1 " ) . Hereafter, the outputs give a binary 
r e p r e s e n t a t i o n of the NX value used when addressing 



r 

0) 

> 
•r-l 

o 

o 
u 
m T3 
u w 
(t) cn 
bO CD 

o a 
•̂ ^ cu 

O 
. - I JC 

u 
Q 4-1 

< 3 
2 W 
t l _ l ^ 
O X I 

a > 
+ 

CO 

CO -O 
a cu 

C/5 
CO CO 

0) 
14-1 >-l 
O QJ 

yi 

CO x ; 
D o 

4-> 
14-4 -r-l 
O s 

C O c 
O — 

CO 
4 J — 
CO 
4-1 • 
cn X 
3 O 

1-4 4-) 

3 
cn 
CO 
C/3 
0) 
—I 
(U 
o c 
D 
O 

i n 

0) 

3 

•r-4 



OQ CO 

CJ 
CO 
J-i 

s 
< 
CJ 
M 
2 

C 
•r-l 

0) 
CO 
D • 

o -u 

X I V- c 
CO O o w 

^ 4.) 
D 

X I J3 
QJ 1 
4J 
CO cn 
O 3 

•r-l a 
! - i 

X I n - i 
CO CO 

c r CO 
(1) E 

0 o x; 
1 c c o 

r u 
u 

iw CO 
O 

cn 
t - l CJ 
•r-( T-l 
CO E 

4-1 
QJ E 

Q 
- C 
CJ 

m 

Q) 

3 
601 

• H 

E 
QJ 

4-1 

cn 

cn 



- 131 -

the board, w i t h a low s t a t e (TTL = "0") being equivalent 
t o a binary 1 and a high s t a t e equivalent to a binary 
0. The r e l a y board (Figure 5.10) i n v e r t s the l o g i c 
and t h i s i n v e r t e d s i g n a l switches the r e l a y v i a a t r a n s i s t o r , 
The e l e c t r i c a l connections are such th a t addressing 
the GPOB w i t h N7o = 2 a c t i v a t e s r e l a y A only, N7o = 0 
deacti v a t e s both r e l a y s and N7o = 4 a c t i v a t e s r e l a y B 
only (see Appendix F). 

The interchange of the inputs to the NAND gate 
b i s t a b l e , from the push-button switch to the r e l a y board, 
i s achieved by a double-pole double-throw switch t h a t 
i s mounted on the supply u n i t . The a d d i t i o n of t h i s 
s w i t c h e l i m i n a t e s any ambiguity as to the method by 
which the l o g i c c i r c u i t r y i s being c o n t r o l l e d , and so 
prevents simultaneous "dual c o n t r o l " . The operator 
must s e l e c t , t h e r e f o r e , the desired mode of operation 
when beginning an experiment and, i n so doing, excludes 
the unrequired mode. 

Visual r e p r e s e n t a t i o n of the s t a t e of the l o g i c 
on the c i r c u i t board i s provided by two mains-rated 
neon bulbs (Figure 5.11(a)). They are connected i n 
p a r a l l e l across the set and reset c o i l s of the l a t c h i n g 
r e l a y , and i n d i c a t e whether the l o g i c state/magnet current 
i s i n the forward or reverse d i r e c t i o n . The f u r t h e r 
a d d i t i o n of a mains c o i l r e l a y across e i t h e r the set 
or re s e t c o i l allows the microcomputer to determine 
the c u r r e n t d i r e c t i o n . I t senses the switching a c t i o n 
of t h i s r e l a y by using an ADC on MINICAM t h a t has been 
mod i f i e d to provide i t s own source s i g n a l voltage 
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(b) D e t a i l of the "in-house" f a b r i c a t e d board, located i n 
MINICAM, which provides 5 v o l t s i g n a l to remotely 
operated i s o l a t i n g switch. 

Figure 5.11 
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(Figure 5.11(a)). Any f a i l u r e of the c i r c u i t r y to reverse 
states can, t h e r e f o r e , be noted and corrected both under 
manual and computer c o n t r o l . Also shown i n Figure 5.11(a) 
are the two i s o l a t i n g switches ( i n dotted box) which 
form part of the safety p r o t e c t i o n of the l a t c h i n g r e l a y 
system (see s e c t i o n 5.6). The d . i . l . r e l a y i s operated 
by a 5 v o l t s i g n a l supplied by a f u r t h e r r e l a y on the 
"home-made" MINICAM r e l a y board (Figure 5.11(b)). I t 
also receives i t s input s i g n a l from the GPOB w i t h the 
parameter N7o set t o 1. 

The voltage comparator, which disables the 7470 
when the magnet c u r r e n t i s too great, i s a high performance 
311 voltage comparator r e q u i r i n g low input currents 
whose output i s d i r e c t l y TTL compatible (Figure 5.12(a)). 
The J and K inputs to the 7470 f l i p - f l o p are each the 
and-gated r e s u l t a n t s of three separate i n p u t s , one of 
which i s i n v e r t e d ( i . e . J = Ĵ ^ . J2 . J, K = K̂^ . K2 . K). 
The Q and Q outputs w i l l only toggle on the p o s i t i v e 
edge of the clock pulse i f the J and K inputs are i n 
the high s t a t e . I f both J and K inputs are forced low, 
the TTL outputs w i l l remain unaltered and are not a f f e c t e d 
by any subsequent t r a n s i t i o n or s t a t e at the clock input 
(see Figure 5 . 7 ( b ) ) . Thus, by arranging the TTL output 
of the 311 t o undergo a t r a n s i t i o n to a high s t a t e when 
the magnet supply p o t e n t i a l exceeds 1 v o l t , and by feeding 
t h i s s i g n a l d i r e c t l y to the J and K inputs of the 7470, 
the desired d i s a b l i n g of the l o g i c c i r c u i t r y i s achieved. 
Before the magnet supply p o t e n t i a l reaches the 311 i t 
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before comparison i s made w i t h a f i x e d voltage 
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i s p o t e n t i a l l y d i v i d e d and a m p l i f i e d by a n o n - i n v e r t i n g 
a m p l i f i e r . Overvoltage p r o t e c t i o n f o r the a m p l i f i e r 
i s provided by diodes at both input and output stages, 
and i t s output i s f i l t e r e d to r i d i t of the 50 Hz noise 
present i n the magnet supply. ( — i s equal to 10 Hz). 

RC 
The maximum voltage obtainable a f t e r t h i s stage, when 
the 741 i s s a t u r a t i n g , i s 2 v o l t s so the reference voltage 
f o r the 311 comparator i s set to 1 v o l t . This part of 
the c i r c u i t i s shown i n f i g u r e 5.12(b). 

Both the 741 and the 311 require a b i p o l a r 5 v o l t 
supply. The only power r a i l on the l o g i c board, however, 
i s + 5V and the - 5V r a i l has to be provided by two 
ICL 7660 voltage converter i.c's (Figure 5.13(a) and 
( b ) ) . The t o t a l current d r a i n on the - 5V r a i l has been 
measured to be approximately 20 mA and t h i s i s e a s i l y 
supplied by the p a i r of 7660's as each i s capable of 
g i v i n g 20 mA at - 4V f o r a supply voltage of + 5V. 

The complete c i r c u i t r y described so f a r i s contained 
on a p r i n t e d c i r c u i t board inside the power supply u n i t . 
Figures 5.14 and 5.15 show the whole c i r c u i t both as 
seen on the p.c.b and diagrammatically. Table 5.1 provides 
the r e l e v a n t component l i s t . The only omission from 
these f i g u r e s i s the i n c l u s i o n of the 12V lead acid 
b a t t e r y which p r o t e c t s the lo g i c c i r c u i t r y i n the event 
of mains f a i l u r e s (see section 5.6). Figure 5.16 i n d i c a t e s 
how t h i s has been incorporated i n t o the system and reveals 
the mains c o i l r e l a y which performs the necessary switching 
i n / o u t of the b a t t e r y . 
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CHAPTER 6 

RELATION BETWEEN PIPE-STEEL METALLURGY, 
CHEMISTRY, MECHANICAL PROPERTIES AND MAGNETIC PROPERTIES 

6.1 INTRODUCTION 

Many i n v e s t i g a t i o n s made during the l a s t 50 years 
have e s t a b l i s h e d d e f i n i t e regular r e l a t i o n s h i p s between 
the s t r u c t u r a l c o n d i t i o n , the chemical and phase composition, 
and the toughness of m a t e r i a l s , on the one hand, and 
the magnetic p r o p e r t i e s , on the other (see, f o r example, 
Mikheev et a l . (1954), Tomilov et a l . (1959), Kuznetsov 
and Mikheev (1964), Morozova et a l . (1966) and Konovalov 
et a l . (1982)). Not a l l the magnetic p r o p e r t i e s are 
equally s e n s i t i v e to changes i n the s t r u c t u r e and phase 
composition of a substance. The Curie temperature (T^) 
and s a t u r a t i o n magnetization (M ), f o r example, are 
not s t r u c t u r a l l y s e n s i t i v e , being determined by the 
q u a n t i t y and type of atoms and t h e i r l o c a t i o n w i t h i n 
the c r y s t a l l o g r a p h i c l a t t i c e (Mikheev & Gorkunov (1981)) while 
the h y s t e r e s i s l o s s , coercive force (H^) and magnetic 
p e r m e a b i l i t y (|i) are s t r u c t u r a l l y s e n s i t i v e . The c o r r e l a t i o n 
between the magnetic p r o p e r t i e s and the s t r u c t u r a l state 
of a substance, t h e r e f o r e , requires the d e t a i l e d study 
of the many ph y s i c a l parameters d e s c r i b i n g the material 
i n order to i d e n t i f y those t h a t are re l e v a n t . To t h i s 
end, a team of research workers was formed i n the So l i d 
State Physics group at the U n i v e r s i t y of Durham, whose 
b r i e f was t o ; 
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( i ) i d e n t i f y the parameters r e l e v a n t to magnetic 
f l u x leakage p i p e - l i n e i n s p e c t i o n , 

( i i ) determine the v a r i a t i o n i n these parameters between 
pipe specimens, 

( i i i ) develop a model w i t h p r e d i c t i v e c a p a b i l i t y . 
Apart from the d i r e c t measurement of magnetic prop­

e r t i e s (see Chapter 3) the areas studied by the team 
were metallography, compositional chemistry, mechanical 
p r o p e r t i e s , t e x t u r e and magnetic domain observations. 
A c o m p i l a t i o n of the data obtained from these i n v e s t i g a t i o n s , 
f o r the twenty seven s t e e l types of i n t e r e s t to B r i t i s h 
Gas, i s shown i n Appendix D, and subsequent analysis 
of t h i s raw data on the s i t e VAX-11 computer at Cramlington 
was aimed at seeking c o r r e l a t i o n s between the various 
sets of parameters using the BMDP s t a t i s t i c a l software 
package (see Chapter 3) a v a i l a b l e on t h i s computer. 

The present chapter contains a d e s c r i p t i o n of the 
r e s u l t s obtained by the author during the i n v e s t i g a t i o n 
of the magnetic p r o p e r t i e s of the p i p e - s t e e l s , which 
formed p a r t of the more general i n v e s t i g a t i o n , as w e l l 
as c o r r e l a t i o n s between the various parameters revealed 
using the BMDP package. Together they i n d i c a t e t h a t 
the i n i t i a l magnetization c h a r a c t e r i s t i c s of any s i m i l a r 
p i p e - s t e e l can be pre d i c t e d by a knowledge of the coercive 
f i e l d (H^) which, i n t u r n , may be derived independently 
e i t h e r from d i r e c t measurement or a knowledge of the 
metallography or s t e e l chemistry. 
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6.2 PARAMETERIZATION AND SUCCESSFUL RECONSTRUCTION/ 
PREDICTION OF THE IN I T I A L MAGNETIZATION CURVE. 

6 . 2 ( i ) The Widger p o l y n o m i a l 

A f t e r t h e u n s u c c e s s f u l a t t e m p t ( d e s c r i b e d i n Chapter 

3) a t o b t a i n i n g c o r r e l a t i o n s between t he harmonic amplitudes, 

used t o p a r a m e t e r i z e t h e i n i t i a l m a g n e t i z a t i o n curve 

o f a l l s t e e l t y p e s , and a l l t h e o t h e r parameters l i s t e d 

i n Appendix D, the p a r a m e t e r i z a t i o n o f these curves 

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

suggested by Widger (1 9 6 9 ) ; 

a + a i H + ao H + + a „ H 
B = ^ ? ^ H (6.1) 

1 + b^^ H + b2^ + + b^^ h'^ 

a^ + a-, B + ao + + a„ b " 

H = -2 1 2 n g (^^2) 
1 + b^B + b2 + + ^n ̂'̂  

I t was found t h a t good f i t s t o the i n i t i a l m a g n e t i z a t i o n 

curve were o b t a i n e d u s i n g j u s t t h e f i v e l o w e s t o r d e r 

parameters ( i n agreement w i t h Widger (1969)) and, w i t h 

th e a i d o f t h e BMDP package, t he parameters , ^ 1 ^ ' 

^2^' ^ l " * ^ * 2̂"*̂  ^o' ̂ 1 ' ̂ 2' ̂ 1 ' ̂ 2 i n d i v i d u a l l y 
p l o t t e d a g a i n s t a l l o t h e r parameters. The r e s u l t s o b t a i n e d , 

however, were d i s a p p o i n t i n g because, a p a r t from reasonable 

l i n e a r r e l a t i o n s h i p s between b o t h a^^ and b̂ "̂*" versus 

b o t h U l t i m a t e T e n s i l e S t r e s s (UTS) and P e a r l i t e F r a c t i o n , 

no good c o r r e l a t i o n s were found. The r e g u l a r r e l a t i o n s h i p s 

t h a t were observed, t h e r e f o r e , o n l y p e r m i t t e d the d e t e r ­

m i n a t i o n o f two o f the f i v e parameters r e q u i r e d t o reproduce 

th e i n i t i a l c u r v e . 
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6 . 2 ( i i ) The Kneppo^ e q u a t i o n 

F o l l o w i n g Gonda e t a l . ( 1 9 8 4 ) , a f u r t h e r a t t e m p t 

a t p a r a m e t e r i z a t i o n i n v o l v e d f i t t i n g t h e i n i t i a l magneti­

z a t i o n c urve d a t a t o the s i n g l e e q u a t i o n , 

(k ^) 
B = Â *̂  (6.3) 

V-

f i r s t suggested by Kneppo . The e m p i r i c a l parameters 

A and k were o b t a i n e d by f i t t i n g e q u a t i o n (6.3) t o the 

measured curves u s i n g the l e a s t - s q u a r e s method o f e r r o r 

d e t e r m i n a t i o n (as was t h e case f o r f i t t i n g e q u a t i o n s 

(6.1) and ( 6 . 2 ) ) . I t was found t h a t , i n o r d e r t o o b t a i n 

good f i t s t o t h e e x p e r i m e n t a l c u r v e s , p a i r s o f values 

o f B and H, f o r which the v a l u e o f the a p p l i e d f i e l d 

(H) was l e s s t h a n 0.4kAm~''", had t o be r e j e c t e d . A com­

b i n a t i o n o f two reasons are t h o u g h t t o be r e s p o n s i b l e 

f o r t h i s ; ( i ) t h e s m a l l f i e l d v a l u e s have c o m p a r a t i v e l y 

l a r g e r e l a t i v e e r r o r s and, when these f i e l d v a l u e s are 

i n v e r t e d (see e q u a t i o n ( 6 . 3 ) ) , t h e l e a s t - s q u a r e s c a l c u l a t i o n 

i s h e a v i l y w e i g h t e d by them, 

( i i ) t h e upward c u r v a t u r e o f the low f i e l d r e g i o n o f 

the s t e e l ' s m a g n e t i z a t i o n curve i s not w e l l r e p r e s e n t e d 

by e q u a t i o n ( 6 . 3 ) . 

Table 6.1 shows the v a l u e s o f k and A, c a l c u l a t e d 

i n t h i s manner, f o r a l l s t e e l t y p e s . C o r r e l a t i o n s were 

sought between these and a l l o t h e r parameters p e r t i n e n t 

t o t h e s t e e l s and t h i s s t u d y r e v e a l e d good l i n e a r r e l a t i o n -

L. Kneppo - Complex F u n c t i o n s i n E l e c t r i c a l E n g i n e e r i n g 
( t o be p u b l i s h e d by the Slovak Academy o f Sciences, 
B r a t i s l a v a , CSSR) 



S t e e l t y p e LnA kLnA k 

DFB 0.71438 0.66293 0.928 
DFF 0.64954 0.66370 1.022 
DFE 0.71248 0.66144 0.928 
EEC 0.73886 0.68581 0.928 
DME 0.53604 0.66374 1.238 
EEB 0.61406 0.65472 1.066 
OLI-030 0.74597 0.67447 0.904 
OLI-015 0.69677 0.71285 1.023 
OLI-010 0.61144 0.69305 1.133 
EED 0.72246 0.70961 0.982 
DHP 0.52021 0.62896 1.209 
OLI-013 0.73365 0.72122 0.983 
DWA 0.68966 0.68795 0.998 
DHQ 0.82853 0.68796 0.830 
2401 0.46211 0.63547 1.375 
EEE 0.67671 0.69444 1.026 
OLI-017 0.76520 0.71334 0.932 
DFD 0.70651 0.67232 0.952 
DLR 0.41665 0.63025 1.513 
OLI-012 0.67165 0.70631 1.052 
EAO 0.84821 0.74686 0.881 
DEQ 0.84052 0.78883 0.939 
DEZ 0.60791 0.66579 1.095 
EER 0.55135 0.64283 1.166 
OLI-009 0.70522 0.70505 1.000 
OLI-011 0.71759 0.70784 0.986 
Sample A 0.309 0.597 1.932 
Sample B 2.567 0.664 0.259 
Sample C 1.065 0.591 0.555 

Table 6.1 The v a l u e s o f 
-1 

-1 LnA(TkAm " ) , kLnA(T) and 
hence k(mkA~'^) f o r a l l s t e e l types 
i n c l u d i n g heat t r e a t e d 12 i n c h s t e e l . 
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s h i p s between b o t h k""*" and LnA ( l o g e A) versus the co­
e r c i v e f i e l d (H^) and r e a s o n a b l e l i n e a r r e l a t i o n s h i p s 

between LnA v e rsus % Mn and — versus UTS. These r e l a t i o n -
k 

s h i p s may be expressed q u a n t i t a t i v e l y by; 

C o r r e l a t i o n c o e f f i c i e n t " * 
LnA = 1.313 + 0.07 0.894 (6.4) 

^ C o r r e l a t i o n c o e f f i c i e n t 
k"-̂  = 1.914 + 0.10 0.889 (6.5) 

C o r r e l a t i o n c o e f f i c i e n t 
LnA = 0.308% Mn + 0.32 0.683 (6.6) 

. ^ C o r r e l a t i o n c o e f f i c i e n t 
k = 2.35 X 10~-^UTS-0.27 0.753 (6.7) 

and the p l o t s r e p r e s e n t e d by e q u a t i o n s (6.4) and (6.5) 

are shown i n f i g u r e s 6.1(a) and ( b ) . The e x c i t i n g d i s c o v e r y 

i n d i c a t e d by these p l o t s , suggested t h a t the i n i t i a l 

m a g n e t i z a t i o n curves o f these and s i m i l a r p i p e - s t e e l s 

c o u l d be r e c o n s t r u c t e d / p r e d i c t e d from a knowledge o f 

t h e c o e r c i v e f i e l d o f the m a t e r i a l . Only a s m a l l sample 

o f a h i t h e r t o u n s t u d i e d s t e e l would t h e n be r e q u i r e d 

t o d e t e r m i n e i t s m a g n e t i z a t i o n c h a r a c t e r i s t i c s as the 

c o e r c i v e f i e l d can be measured t o h i g h p r e c i s i o n u s i n g 

t h e VSM. Before t h i s p r e d i c t i v e c a p a b i l i t y was checked, 

however, an e x a m i n a t i o n o f e q u a t i o n (6.3) r e v e a l e d s e v e r a l 

more i n t e r e s t i n g r e l a t i o n s h i p s . 

The c o r r e l a t i o n c o e f f i c i e n t ( c ) used here i s d e f i n e d 
as 

I ( x ^ - x ) ( y ^ - y) 

X 
2 V , -^2 2̂ i - x ) ^ I ( y ^ - y) 

and r e p r e s e n t s t h e "goodness o f f i t " . A p e r f e c t f i t , 
t h e r e f o r e , w i l l have a c o r r e l a t i o n c o e f f i c i e n t equal t o u n i t y , 



Correlation coefficient = 0 894 

Hc(kAm-^) 
300 -350 400 450 500 550 

(a) C o r r e l a t i o n p l o t between LnA and the c o e r c i v e f i e l d 
f o r a l l s t e e l t y p e s . 
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(b) C o r r e l a t i o n p l o t between k"''" and the c o e r c i v e f i e l d 
f o r a l l s t e e l t y p e s . 

F i g u r e 6.1 
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A c o n s i d e r a t i o n o f the form o f e q u a t i o n (6.3) as 

H tends t o i n f i n i t y (B->B ) r e v e a l s 

B = A^ (6.8) s 

and hence 

LnBg = kLnA (6.9) 

Since t h e v a l u e s o f B have been found t o be co n s t a n t 

t o w i t h i n 0.67o f o r a l l p i p e - s t e e l s c o n s i d e r e d here (see 

a l s o Mikheev and Gorkunov ( 1 9 8 1 ) ) , e q u a t i o n (6.9) may 

be r e w r i t t e n as 

C 
LnA = - (6.10) 

k 

where C i s a c o n s t a n t . 

S i m i l a r m a n i p u l a t i o n s o f e q u a t i o n (6.3) (see Appendix 

H) p r e d i c t e d t h e f o l l o w i n g a d d i t i o n a l r e l a t i o n s h i p s : 

H ,, = LnA (6.11) 

^ = LnA (^.) (6.12) 
dH 

(Ln B )e LL^ 
k = ! i n i = ^L^ (6.13) 

^s 

C 2 
| I = - i = - i (6.14) 
m 

where [l^ i s t h e maximum va l u e o f the p e r m e a b i l i t y , 

H i s t h e f i e l d v a l u e a t which t he p e r m e a b i l i t y i s 

a maximum and C^, C 2 are c o n s t a n t s . 

Values o f H and |-L̂  were t h e n c a l c u l a t e d from |im m 
the measured curves and the above r e l a t i o n s h i p s v e r i f i e d 
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The r e s u l t s thus o b t a i n e d may be summarized by the f o l l o w i n g ; 

. C o r r e l a t i o n c o e f f i c i e n t 
i = 1.22 LnA + 0.17 0.978 (6.15) 
k 

C o r r e l a t i o n c o e f f i c i e n t 
H .. = 1.03 LnA - 0.01 0.968 (6.16) 

C o r r e l a t i o n c o e f f i c i e n t 
0.990 

C o r r e l a t i o n c o e f f i c i e n t 

k = 0.91 |i - 0.02 0.990 (6.17) 
m 

M „ = + 0.38 0.917 (6.18) M-m ^ 
(im 

and, by way o f example. F i g u r e s 6.2 and 6.3 show the p l o t 

r e p r e s e n t e d by e q u a t i o n s (6.15) and (6.17) r e s p e c t i v e l y . 

By r e f e r r i n g t o these p l o t s and the above r e s u l t s , 

i t can be seen t h a t the r e l a t i o n s h i p s p r e d i c t e d by a 

c o n s i d e r a t i o n o f e q u a t i o n (6.3) are found t o be v e r y 

w e l l adhered t o i n p r a c t i c e , and t h i s c o n f i r m s , t h e r e f o r e , 

how w e l l t h e e x p e r i m e n t a l data i s r e p r e s e n t e d by Kneppo's 

e q u a t i o n . 

6 . 2 ( l i i ) P a r a m e t e r i z a t i o n o f m a g n e t i z a t i o n curves o f 

h e a t - t r e a t e d s t e e l 

A more r i g o r o u s t e s t o f Kneppo's e q u a t i o n was p r o v i d e d 

by t h e extreme b e h a v i o u r a l d i f f e r e n c e s of the m a g n e t i z a t i o n 

curves o f t h r e e samples o f h e a t - t r e a t e d 12 i n c h p i p e -

s t e e l . The t h r e e samples, chosen from the o r i g i n a l 

s e t o f 41 whose magnetic p r o p e r t i e s were d e s c r i b e d i n 

Chapter 3, were known t o have v e r y s i m i l a r magnetic 

c h a r a c t e r i s t i c s i n the a s - r e c e i v e d s t a t e , and they were 

heat t r e a t e d i n t h e f o l l o w i n g manner: 



1—1 

cu 
CO 

U 
O 

U-l 

< c 

c 
CO 

c <u 
3 

d) 

JJ 
O 

C 
o 

•r-l 
U 
CO 

I — I 

<u 
!-i 
O 

CM 

vO 

Ml 



U 

J 3 
CO 
0) 
E 

a 
E 
D 
E 

•r-< X 
E 
QJ 

•U 

TD 

C 
to 

c 
(1) 
d) . 
3 w 
U I — I 
(U QJ 

X I (1) 
U 

•U W 
O 
1—1 n-l 
a . - i 

CO c o 
•r4 O 

CO 
>-l w 
QJ Q) 
y< o 
U r-l 
O CD u > 

Q) 



- 141 -

( i ) Sample A - heated t o 910°C f o r one hour and s l o w l y 
f u r n a c e c o o l e d . 

( i i ) Sample B - heated t o 800°C f o r one hour and water 

quenched. 

( i i i ) Sample C - heated t o 1000°C f o r one hour and 

water quenched. 

F i g u r e 6.4 shows a comparison between the i n i t i a l 

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

samples and t h a t p e r t i n e n t t o the a s - r e c e i v e d s t a t e . 

I t can be seen t h a t a n n e a l i n g the m a t e r i a l produces 

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

r e l i e f o f i n t e r n a l s t r a i n i m p a r t e d d u r i n g the p l a t e 

manufacture and the g r o w t h o f the f e r r i t e g r a i n s (see 

Chapter 1 and a l s o s e c t i o n 6 . 3 ( i i i ) ) . Quenching, on 

the o t h e r hand, produces a much h a r d e r magnetic m a t e r i a l 

which has a reduced p e r m e a b i l i t y and hence r e q u i r e s 

h i g h e r magnetic f i e l d s t o achieve s a t u r a t i o n . The degree 

o f h a r d e n i n g , which depends on the s e v e r i t y o f the quench 

and, t h e r e f o r e , t h e e x t e n t o f f o r m a t i o n o f m a r t e n s i t e , 

t r o o s t i t i c p e a r l i t e o r s o r b i t i c p e a r l i t e (see Chapter 

1 ) , i s r e a d i l y i n d i c a t e d by the v a l u e s o f c o e r c i v e f i e l d 

o b t a i n e d from f u l l m a g n e t i z a t i o n l o o p s t u d i e s , v i z : 

Sample A 244 Am""*" 

Sample B 769 Am"-*" 

Sample C 2023 Am"""-

As - r e c e i v e d 344 Am~l 

The v a l u e s o f k and LnA were c a l c u l a t e d f o r the 

m a g n e t i z a t i o n c h a r a c t e r i s t i c s o f these samples by f i t t i n g 
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a l e a s t - s q u a r e s s t r a i g h t l i n e t o a p l o t o f LnB versus 

H""*" (as was the case f o r the normal p i p e - s t e e l s ) . Such 

a p l o t y i e l d s the v a l u e s o f these parameters d i r e c t l y 

f r om t h e i n t e r c e p t (kLnA) and g r a d i e n t (- LnA), and 

an i n d i c a t i o n o f how w e l l the m a g n e t i z a t i o n curve i s 

a p p r o x i m a t e d by Kneppo's e q u a t i o n i s o b t a i n e d from the 

v a l u e o f the c o r r e l a t i o n c o e f f i c i e n t o f the d a t a t o 

t h i s l i n e . Whereas the c o r r e l a t i o n c o e f f i c i e n t f o r 

Sample B (and a l l normal p i p e - s t e e l s ) was observed t o 

be b e t t e r t h a n 0.994, thus i n d i c a t i n g w e l l f i t t i n g f u n c t i o n s , 

the c o r r e s p o n d i n g v a l u e s o b t a i n e d f o r Samples A and 

C were 0.989 and 0.978 r e s p e c t i v e l y . 

I t may be c o n c l u d e d , t h e r e f o r e , t h a t , w h i l e Kneppo's 

e q u a t i o n i s a good a p p r o x i m a t i o n t o the form o f the 

m a g n e t i z a t i o n c h a r a c t e r i s t i c s o f t h e whole range o f 

normal p i p e - s t e e l s , i t i s b e g i n n i n g t o become l e s s r e l i a b l e 

when f i t t i n g t h e curves o f h e a t - t r e a t e d samples which 

have undergone extreme p h y s i c a l change. 

6 . 2 ( i v ) R e c o n s t r u c t i o n o f t h e m a g n e t i z a t i o n c h a r a c t e r ­

i s t i c s o f p i p e - s t e e l s 

A f u r t h e r check on how w e l l t h e m a g n e t i z a t i o n data 

i s r e p r e s e n t e d by Kneppo's e q u a t i o n may be o b t a i n e d 

by p l o t t i n g B p r e d i c t e d versus B a c t u a l , where B p r e d i c t e d 

i s t h e v a l u e o f i n d u c t i o n c a l c u l a t e d a t a v a l u e of H 

( u s i n g the r e l e v a n t v a l u e s o f k and LnA) f o r which a 

d a t a p o i n t B a c t u a l e x i s t s . A p e r f e c t " r e c o n s t r u c t i o n " 

w i l l g i v e a s t r a i g h t l i n e w i t h a g r a d i e n t o f u n i t y . 
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T h i s approach was adopted f o r s e v e r a l normal p i p e -
s t e e l s ( 2 4 0 1 , DFD, DHQ, DHP, DFF, EEC, EED, 0 1 7 ) , which 
were chosen a t random t o be r e p r e s e n t a t i v e o f the f o u r 
main s t e e l t y p e s ( i . e . s e m i - k i l l e d , f u l l y - k i l l e d , c o n t r o l l e d 
r o l l e d and USA manufactured s e m i - k i l l e d ) ' , as w e l l as 
t h e t h r e e h e a t - t r e a t e d samples of 12 i n c h p i p e . The 
r e s u l t s thus o b t a i n e d are summarized i n Table 6 . 2 , where 
th e v a l u e s o f c o r r e l a t i o n c o e f f i c i e n t and g r a d i e n t f o r 
each p l o t are l i s t e d . I t .jnay be seen t h a t , w i t h the 
e x c e p t i o n o f Samples A and C, the c o r r e l a t i o n c o e f f i c i e n t s 
are a l l b e t t e r t h a n 0 .995 and the curve g r a d i e n t s v a r y 
from u n i t y by l e s s t h a n 27o, thus c o n f i r m i n g the c o n c l u s i o n s 
o f the p r e v i o u s s e c t i o n . 

A t y p i c a l p l o t i s shown i n F i g u r e 6 .5 which i n d i c a t e s 

the b e h a v i o u r o f b o t h B p r e d i c t e d and (B p r e d i c t e d -

B a c t u a l ) v e r s u s B a c t u a l f o r DFD. The l a t t e r , r e f e r r e d 

t o as the r e s i d u a l p l o t , r e v e a l s t h a t d i s c r e p a n c i e s from 

l i n e a r b e h a v i o u r are l e s s t h a n 0 .05 t e s l a f o r i n d u c t i o n 

v a l u e s l e s s t h a n 1.85 T, w h e r e a f t e r s i g n i f i c a n t d e v i a t i o n s 

are observed. T h i s g e n e r a l r e s u l t h o lds f o r a l l s t e e l 

t y p es s t u d i e d and a g a i n serves t o c o n f i r m how w e l l the 

d a t a i s r e p r e s e n t e d by Kneppo's e q u a t i o n . The compara­

t i v e l y l a r g e r e s i d u a l s noted about 1.85 T do not g i v e r i s e t o 

concern because such v a l u e s o f i n d u c t i o n are w e l l above the 

"knee" r e g i o n o f t h e m a g n e t i z a t i o n c h a r a c t e r i s t i c and, 

f o r t h e purposes o f m o d e l l i n g the b e h a v i o u r o f the 

i n t e l l i g e n t PIG (see Chapter 1 ) , t h i s curve r e g i o n i s 

n o t r e q u i r e d as i n d u c t i o n l e v e l s o f t h i s o r d e r are 

u n o b t a i n a b l e t h r o u g h o u t the pipe w a l l w i t h c u r r e n t PIG 



S t e e l 
Code 

C o r r e l a t i o n 
C o e f f i c i e n t 

Curve 
g r a d i e n t 

2401 

DFD 

DHQ 

DHP 

DFF 

EEC 

FED 

017 

Sample A 

Sample B 

Sample C 

0.997 

0.998 

0.998 

0.996 

0.997 

0.998 

0.998 

0.997 

0.995 

0.998 

0.995 

1.02 

1.01 

0.98 

1.01 

1.01 

0.99 

0.98 

0.96 

1.06 

1.02 

1.09 

Table 6.2 Values o f c o r r e l a t i o n c o e f f i c i e n t and curve 

g r a d i e n t f o r p l o t s o f Bp^^^.^^^^ versus B^^^^^^ o b t a i n e d 

f o r s e v e r a l p i p e - s t e e l s . The p r e d i c t e d v a l u e s are c a l c u l a t e d 

u s i n g t h e known v a l u e s o f k and LnA f o r each s t e e l . 
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d e s i g n . 

6.2(v) P r e d i c t i o n o f the m a g n e t i z a t i o n c h a r a c t e r i ­

s t i c s o f p i p e - s t e e l s from measurements 

o f c o e r c i v e f i e l d 

The most s i g n i f i c a n t t e s t o f t h e curve p a r a m e t e r i z a t i o n 

and c o r r e l a t i o n work r e p o r t e d above i n v o l v e d the p r e d i c t i o n 

o f t h e i n i t i a l m a g n e t i z a t i o n c h a r a c t e r i s t i c s , f o r the 

same s t e e l t y pes as above, from a knowledge o f the c o e r c i v e 

f i e l d . E q u a t i o n s (6.4) and (6.15) were used t o determine 

the parameters k and LnA r e s p e c t i v e l y from measured 

v a l u e s o f , and p l o t s o f p r e d i c t e d v a l u e s versus measured 

v a l u e s were g e n e r a t e d i n a manner i d e n t i c a l t o t h a t 

d e s c r i b e d above. 

The r e s u l t s o b t a i n e d are summarized i n Table 6.3 

and t y p i c a l p l o t s , a g a i n those found f o r DFD, are shown 

i n F i g u r e 6.6. W i t h the s i n g l e e x c e p t i o n o f Sample 

A, c o r r e l a t i o n c o e f f i c i e n t s f o r a l l s t e e l s are a g a i n 

b e t t e r t h a n 0.995 and, w i t h t he s i n g l e e x c e p t i o n o f 

Sample B, the average curve g r a d i e n t s v a r y from u n i t y 

by a p p r o x i m a t e l y 2.5%. I t i s n o t e d , t h e n , t h a t even 

the c h a r a c t e r i s t i c s o f t h e extreme h e a t - t r e a t e d samples 

are w e l l r e produced. The r e s i d u a l s are a g a i n seen t o 

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

1.85T, but below t h i s l i m i t t h e maximum r e s i d u a l s ( a t 

f i e l d v a l u e s near 1.5T) are found t o be between 0.08 

and 0.1 t e s l a , t hus r e p r e s e n t i n g " e r r o r s " o f a p p r o x i m a t e l y 

6%. 



Steel C o r r e l a t i o n Curve 
Code c o e f f i c i e n t gradient 

2401 0.996 0.99 
DFD 0.998 0.97 
DHQ 0.998 0.98 
DHP 0.996 ' 0.99 

DFF 0.996 0.94 

EEC 0.998 1.01 
EED 0.997 1.00 

017 0.998 1.03 
Sample A 0.993 0.98 

Sample B 0.998 0.89 

Sample C 0.996 0.96 

Table 6.3 Values of c o r r e l a t i o n c o e f f i c i e n t and curve 
gr a d i e n t f o r p l o t s of Bp^^^.^^^^ versus B^^^^^^ obtained 
f o r several p i p e - s t e e l s . The predicted values are c a l ­
c u l a t e d using values of k and LnA obtained from a knowledge 
of the c o e r c i v i t y and the l i n e a r r e l a t i o n s h i p s between 
H , k and LnA. c' 
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The conclusions which can be drawn from t h i s study 
are, t h e r e f o r e , t h a t , f o r the purposes of modelling 
the behaviour of the i n t e l l i g e n t PIG, the i n i t i a l magnet­
i z a t i o n c h a r a c t e r i s t i c s of both normal and heat-treated 
p i p e - s t e e l s may be pr e d i c t e d w i t h reasonable p r e c i s i o n 
from a knowledge of the coercive f i e l d of the m a t e r i a l , 
thus c o n f i r m i n g the po s t u l a t e of sec t i o n 6 . 2 ( i i ) . The 
r e s u l t s presented here suggest, f o r values of in d u c t i o n 
less than 1.85T, t h a t the e r r o r between predict e d and 
measured curves w i l l be below 6 7 o , w i t h the l a r g e s t 
d e v i a t i o n s o c c u r r i n g at 1.5T. The coercive f i e l d may 
be determined t o high p r e c i s i o n from small s t e e l samples 
by using the VSM and, by adopting t h i s approach, the 
magnetic p r o p e r t i e s of both p r e v i o u s l y unstudied s t e e l 
types, f o r which l a r g e sample q u a n t i t i e s are unavailable, 
and the h e a t - a f f e c t e d regions around weld s i t e s may 
be determined. 

6 . 3 FURTHER CORRELATION WORK 

6 . 3 ( i ) Chemical analysis r e s u l t s 

The chemical an a l y s i s ( s t e e l chemistry) of a l l 
s t e e l types was obtained by spark emission spectroscopy 
to a p r e c i s i o n of b e t t e r than - 0 . 0 3 % (see Appendix 
D), and a v i s u a l i n s p e c t i o n of t h i s data confirmed the 
exp e c t a t i o n t h a t the s e m i - k i l l e d s t e e l s would have low 
Mn and Si content compared to f u l l y - k i l l e d and c o n t r o l l e d 
r o l l e d s t e e l s (see Chapter 1). Scatter p l o t s between 
these parameters and the r e s t of the data set d i d not 
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reveal any c o r r e l a t i o n s of note w i t h any of the magnetic 
parameters, and only poor r e l a t i o n s h i p s between the 
Mn content and both Ultimate Tensile Stress and (Mean 
F e r r i t e D i a m e t e r ) w e r e found, v i z : 

„ C o r r e l a t i o n c o e f f i c i e n t 
7oMn = 4.23 X 10"-^UTS-1.11 0.72 (6.19) 

. C o r r e l a t i o n c o e f f i c i e n t 
7oMn = 8.50(MFD)"-^ + 0.406 0.85 (6.20) 

Together they represent q u a l i t a t i v e l y the refinement of 
f e r r i t e g r a i n size and the subsequent increase i n strength 
and toughness which i s achieved i n d i r e c t l y by addi t i o n s 
of manganese durin g the k i l l i n g process. 

The s c a t t e r p l o t s also revealed t h a t , u n l i k e the 
case f o r pure iron-carbon s t e e l s , the observed v a r i a t i o n 
i n carbon c o n c e n t r a t i o n d i d not account f o r the 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 s found i n these p i p e - s t e e l s . I t 
i s suggested t h a t t h i s i s due to the presence of the 
other a l l o y i n g elements, w i t h the formation of carbides 
(e.g. vanadium c a r b o n i t r i d e and niobium carbide) accounting 
f o r s i g n i f i c a n t p roportions of the t o t a l carbon content. 

The f a i l u r e to f i n d a r e l a t i o n s h i p between any 
s i n g l e compositional parameter and the magnetic parameters 
prompted a wider search using l i n e a r combinations of 
the chemistry data. The m u l t i p l e l i n e a r regression 
o p t i o n of the BMDP package made t h i s task more expedient 
and r e s u l t e d i n the f o l l o w i n g s i n g l e r e l a t i o n s h i p between 
the coercive f i e l d and the C and Mn content: 

H = 1.186%C + 0,2377oMn (6.21) c 
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Using t h i s r e l a t i o n the coercive f i e l d (H^) may be 
p r e d i c t e d , t h e r e f o r e , from s t e e l chemistry alone. The 
confidence i n t h i s p r e d i c t i o n may be seen from Figure 
6 . 7 where the p r e d i c t e d and experimental values of coercive 
f i e l d are p l o t t e d against one another. The c o r r e l a t i o n 
c o e f f i c i e n t i s only 0 . 8 1 f o r t h i s p l o t , and er r o r s of 
- 2 0 7 o are found f o r 9 9 7 o confidence l i m i t s . This, however, 
i s extreme and the probable e r r o r i n p r e d i c t i o n f o r 
the m a j o r i t y of s t e e l types w i l l be b e t t e r than - 1 0 7 o . 

The f i n a l comment i n t h i s s e c t i o n r e l a t e s to the 
American s e m i - k i l l e d steels which are found to have 
anomalously high Cu content and coercive f i e l d . Many 
authors (Kussmann and Scharnov ( 1 9 2 9 ) , K n e l l e r ( 1 9 6 2 ) 

and Dietze ( 1 9 6 2 ) ) have presented data on the influence 
of copper i n c l u s i o n s i n both i r o n and s t e e l on the coercive 
f o r c e , and t h e i r r e s u l t s suggest t h a t the above observations 
must be r e l a t e d . No q u a n t i t a t i v e e s t i m a t i o n of the 
size of such an e f f e c t , however, has been made f o r these 
s t e e l s . 

6 . 3 ( i i ) Mechanical Properties 

Measurements of s t e e l s t r e n g t h (Ultimate Tensile 
Stress and Y i e l d Stress) and s t e e l hardness (Vickers 
Hardness) were made on bulk specimens of pipe at the 
B r i t i s h Gas Engineering Research S t a t i o n , K i l l i n g w o r t h . 
W h i lst toughness data f o r these s t e e l s , c u r r e n t l y being 
measured at ERS, i s as yet un a v a i l a b l e , the UTS r e s u l t s 
show c l e a r l y t h e i r c a t e g o r i z a t i o n i n t o the three main 
classes; s e m i - k i l l e d , f u l l y - k i l l e d and c o n t r o l l e d r o l l e d 
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(see Figure 6.8). By r e f e r r i n g to t h i s diagram, i t 
can be seen t h a t c o n t r o l l e d - r o l l e d s t e e l s generally 
show the highest UTS, while s e m i - k i l l e d s t e e l s e x h i b i t 
the lowest values. Further, i t i s seen t h a t the American 
s e m i - k i l l e d s t e e l s also have anomalously high strength. 
Whereas the f i r s t f i n d i n g i s expected from the considerations 
of Chapter 1, the increased presence of copper i n c l u s i o n , 
r e s u l t i n g i n a greater l a t t i c e f r i c t i o n s t r e s s , i s suggested 
to e x p l a i n the second. 

Attempted c o r r e l a t i o n s between the mechanical para­
meters and a l l other data groups revealed, apart from 
the r e l a t i o n between UTS and Mn content already reported, 
a good c o r r e l a t i o n between VH and the coercive f i e l d 
which includes the h e a t - t r e a t e d data (see Figure 6.9). 
We have 

T / u , Q-i C o r r e l a t i o n c o e f f i c i e n t 
VH = 166H^ + 93 Q^g^ ^^^22) 

and, by r e f e r r i n g to Figure 6.9, i t may be seen that 
the normal p i p e - s t e e l data c l u s t e r s about the curve 
defined by the h e a t - t r e a t e d 12 inch p i p e - s t e e l r e s u l t s . 
Such a r e l a t i o n s h i p between coercive f i e l d and hardness 
i s commonly observed i n low carbon - low a l l o y steels 
over the e n t i r e range of heat treatment and the measurement 
of coercive f i e l d i s o f t e n used to assess the heat-treated 
q u a l i t y of s t e e l parts n o n - d e s t r u c t i v e l y (Tomilov et 
a l . (1959)). 

Inter-dependences between UTS, YS and VH were also 
found, which may be summarized by: 
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C o r r e l a t i o n c o e f f i c i e n t 
UTS = 1.93 VH + 206 0.82 (6.23) 

C o r r e l a t i o n c o e f f i c i e n t 
UTS = 0.79 YS + 211 0.83 (6.24) 

but while these r e s u l t s are g e n e r a l l y of i n t e r e s t , no 
great s i g n i f i c a n c e i s attached to them. 

6 . 3 ( i i i ) Metallography and domain observations 

The measurement of g r a i n size and shape f o r both 
the f e r r i t e and p e a r l i t e phase and an est i m a t i o n of 
the r e l a t i v e f r a c t i o n s o f both phases were made at Durham 
by my colleagues Dr. J.A. Szpunar and Mrs. J. Edwards. 
This work has been reported i n d e t a i l elsewhere (Tanner 
and Corner (1985)) and, consequently, only relevant 
r e s u l t s w i l l be r e f e r r e d to here. 

The f i r s t c o r r e l a t i o n to be found, i n v o l v i n g the 
metallography data, r e l a t e d the coercive f i e l d to the 
(mean f e r r i t e g r a i n diamater (d) )"''", where d i s measured 
i n [im. This r e l a t i o n s h i p i s i l l u s t r a t e d i n Figure 
6.10 and i s represented by: 

. C o r r e l a t i o n c o e f f i c i e n t 
H = 2.39d"^ + 0.264 0.70 (6.25) c 

Whilst t h i s r e l a t i o n s h i p does not provide an ex c e l l e n t 
f i t t o the data, i t serves as a d e s c r i p t i o n of the q u a l i ­
t a t i v e t r e n d observed between the coercive f i e l d and 
d~"^. I t i s noted, however, t h a t , i f the anomalous values 
of the American s e m i - k i l l e d s t e e l s are ignored, the 
f i t i s much improved (see Figure 6.10) and becomes 
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. C o r r e l a t i o n c o e f f i c i e n t 
H = 2.88d"-^ + 0.208 0.88 (6.26) 

Relationships of the form 

H^ = Ad"^ + B (6.27) 

have been observed repeatedly f o r i r o n and s t e e l systems 
(see, f o r example. Ruder (1934), Yensen and Ziegler 
(1935) and Mikheev and Gorkunov (1981)), i n which the 
c o e f f i c i e n t s A and B are found to be n o n - t r i v i a l functions 
of the degree of a l l o y i n g and the nature of the a l l o y i n g 
elements. Several t h e o r e t i c a l treatments (Doring (1938), 
Mager (1952), and Goodenough (1954)) of the p o r t i o n 
of the coercive force dependent on the f e r r i t e g r a i n 
size also p r e d i c t an inverse r e l a t i o n s h i p . A l l authors 
are agreed t h a t the d e l a y / f r i c t i o n of the domain w a l l 
movement, r a t h e r than the n u c l e a t i o n of reverse domains, 
i s responsible f o r the coercive f o r c e i n i r o n systems, 
a hypothesis which i s supported by subsequent observations 
of easy formation of reverse domains at m a t e r i a l defects, 
i n c l u s i o n s and voids commonly found at g r a i n boundaries 
(DeBlois and Bean (1959), Turner et a l . (1969) and Hawkes 
and Corner (1985)). The approaches d i f f e r , however, 
when considering the mechanism of t h i s " f r i c t i o n " of 
domain w a l l motion. Doring and Mager consider the conditions 
f o r i r r e v e r s i b l e growth of s t r o n g l y elongated e l l i p s o i d a l 
reverse domain n u c l e i and assume t h a t only one reverse 
domain i s created at each g r a i n boundary. Goodenough, 
however, considers the surface tension of the domain 
wa l l s as the resistance to domain growth and allows 
f o r the p o s s i b i l i t y of the c r e a t i o n of more than one 
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reverse domain per g r a i n boundary. 
Table 6.4 shows a comparison of the t h e o r e t i c a l 

expressions, thus obtained, f o r the parameter A. Here 
y i s the t o t a l energy of a 180° domain w a l l per u n i t 
area, equal to 1.8 x 10"^ Jm~^ f o r i r o n ( K i t t e l (1949)), 
and M i s the s a t u r a t i o n magnetization, measured to 
be 1.6 x 10^ Am""*" f o r p i p e - s t e e l . Using the above values, 
the expressions are evaluated and compared w i t h the 
experimental value found by Yensen and Z i e g l e r (1935) 
d u r i n g t h e i r work on i r o n . I t can be seen t h a t the 
experimental r e s u l t observed here f o r pipe-steels (see 
equation (6.26)) n e s t l e s w i t h i n the range of predicted 
values and i s i n good agreement w i t h the values found 
by Yensen and Z i e g l e r . This suggests, t h e r e f o r e , t h a t 
a successful q u a l i t a t i v e d e s c r i p t i o n of the p o r t i o n 
of the coercive f i e l d dependent on the f e r r i t e g r a i n 
size i n these p i p e - s t e e l s may be provided by the theories 
of Doring, Mager and Goodenough. 

A f u r t h e r c o n s i d e r a t i o n of the f r i c t i o n of domain 
w a l l motion reveals t h a t the i n i t i a l p e r m e ability (or 
r e v e r s i b l e p e r m e a b i l i t y ) of a m a t e r i a l i s determined 
by e s s e n t i a l l y the same physical conditions as the coercive 
f o r c e . The q u a l i t a t i v e dependency t h i s suggests, therefore 
i s the greater the f r i c t i o n (and hence H^) the lower 
the i n i t i a l p e r m e a b i l i t y ( |i ̂  ) . More f o r m a l l y we expect 

^c ^ i " constant (6.28) 

and such a r e l a t i o n s h i p i s indeed found f o r the range 
of p r o p e r t i e s e x h i b i t e d by the p i p e - s t e e l s . Figure 



Author(s) T h e o r e t i c a l expression 
f o r A 

Numerical 
value (kAm~''"( |im)) 

Doring 3TIY 
4M3 

2.12 

Mager 9TIY, 
8M 
s 

3.18 

Goodenough 4Y 
M 
s 

3.6 

Yensen and Z i e g l e r - 2.96 (experimental 
r e s u l t ) 

W i l l c o c k - 2.88 (experimental 
r e s u l t ) 

Table 6.4 Comparison between expressions obtained both 

t h e o r e t i c a l l y and experimentally l i n k i n g the coercive 
- 1 f i e l d value H^(kAm to the mean f e r r i t e g r a i n 

diameter d ( |im) 
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6 . 1 1 shows t h i s data and reveals t h a t 

. C o r r e l a t i o n c o e f f i c i e n t 
- = 6.33ti + 0 . 9 8 0 . 7 6 ( 6 . 2 9 ) 

Observations of domain w a l l motion w i t h varying 
a p p l i e d f i e l d have been made using high voltage Lorentz 
microscopy on t h i n s t e e l sections by my colleagues Drs. 
B.K. Tanner and J.A. Szpunar. This work has yet to 
be reported i n d e t a i l , but the r e s u l t s showed tha t the 
strongest p i n n i n g s i t e s were i n the p e a r l i t e grains 
and were assumed to e x i s t at the c e m e n t i t e - f e r r i t e i n t e r f a c e s 
w i t h i n t h i s phase ( p r i v a t e communication Tanner ( 1 9 8 5 ) ) . 

Weaker pinning was also observed at f e r r i t e g r a i n boundaries 
and a c o n s i d e r a t i o n of the number of pinning s i t e s per 
u n i t volume w i t h i n both phases l e d t o the f o l l o w i n g 
r e l a t i o n s h i p : 

AC BC 
Ĥ  = — £ + — E ( 6 . 3 0 ) 

d d^ P f 
where Cp, Ĉ  are the r e l a t i v e proportions of the p e a r l i t e 
and f e r r i t e phases, dp, d^ are the diameters of p e a r l i t e 
and f e r r i t e grains and A,B are constants. 

A best f i t to a l l the data gave 
1 3 . 6 C 1 . 7 C. 

H = E + ( 6 . 3 1 ) 

d d^ 
P f 

and, by using t h i s r e l a t i o n , the coercive f i e l d may 
be p r e d i c t e d from metallographs alone. A p l o t of predicted 
and measured values of i s shown i n Figure 6 . 1 2 f o r 
which the c o r r e l a t i o n c o e f f i c i e n t i s 0 . 7 5 . For 9 9 7 o 

confidence i t may be seen t h a t an extreme e r r o r of 
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- 25% i s p r e s e n t , b u t the probable e r r o r i n the p r e d i c t i o n 
o f u s i n g e q u a t i o n ( 6 . 3 1 ) i s t h o u g h t t o be n e a r e r 

- 1 5 7 o (Tanner and Corner ( 1 9 8 5 ) ) . A g r e a t e r l e v e l o f 

c o n f i d e n c e i s o b t a i n e d , however, from an i d e n t i c a l p l o t 

which has been c a l c u l a t e d u s i n g o n l y the g r a i n dimensions 

p e r p e n d i c u l a r t o t h e f i e l d d i r e c t i o n d u r i n g the measure­

ment o f (see F i g u r e 6 . 1 3 ) . The reasons f o r t h i s 

a re n o t f u l l y u n d e r s t o o d , a t p r e s e n t , but they may be 

c l a r i f i e d by f u r t h e r domain o b s e r v a t i o n e x p e r i m e n t s . 

6 . 4 VARIATIONS OF MAGNETIC CHARACTERISTICS AS A FUNCTION 

OF ORIENTATION AND POSITION WITHINTHE PIPE-WALL 

I n o r d e r t o o b t a i n i n f o r m a t i o n on t h e v a r i a b i l i t y 

o f magnetic b e h a v i o u r o f p i p e - s t e e l s as a f u n c t i o n o f 

o r i e n t a t i o n and p o s i t i o n w i t h i n t h e p i p e - w a l l , i t was 

decided t o measure the c o e r c i v e f i e l d o f s m a l l s t e e l 

samples ta k e n f r o m t h e r e l e v a n t p i p e s e c t i o n i n the 

VSM, and t o use the r e s u l t s o f S e c t i o n 6 . 2 t o p r e d i c t 

th e i n i t i a l m a g n e t i z a t i o n curve from these measurements. 

Such an approach a v o i d e d the c o n s i d e r a b l e problem o f 

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

m a g n e t i z a t i o n m a t e r i a l s , which n o r m a l l y r e q u i r e s a v e r y 

h i g h t o l e r a n c e on sample geometry and a p r e c i s e knowledge 

o f d e m a g n e t i z i n g f a c t o r i f t he sample i s n o n - e l l i p s o i d a l 

( B o z o r t h and Chapin ( 1 9 4 2 ) ) . 

C a l i b r a t i o n experiments w i t h a p o l y c r y s t a l l i n e 

n i c k e l sample showed t h a t , w i t h c a r e , measurements o f 

u s i n g the VSM are r e l i a b l e t o b e t t e r t h a n ± 0 . 0 8 kAm""*", 

and a d e t a i l e d s t u d y o f the c o e r c i v e f i e l d o f t h r e e 



e 
< 

to 
> 

• w 
03 U 
QJ <U 
D 4-1 

e 
CO 

T3 to 

(u a 

D o 
W T-l 
CO x; 
0) cx 
E CO 

U 
D O 
CO r-l • 
>-i i- i c 
<U CO O 

(fl e cj 
0) <u 

.—I O -r^ 
CO T3 
> Q) 

W ) C T3 -O O 
r-l (1) -t-l 
(1) r-l 4J 

•r^ 3 CO 
m o N 

C • r ^ 

> 
to •r-l 

o 
u 
o 

c 
a o . 
CO 
e 

o y-i o 

QJ 0) QJ 
•U C t/3 
O -r^ >-l 

•r-l to <U 
T3 > 
(U 43 tn 
!-i O 
a 

tn 
tw -U 4J 
O r-A 

o 
U If) 
O <U -r-l 

r-l J-l -U 
a U 

X 3 (U 
<U -U •r-l 
> ox> 
O •r^ 

e u 
l-l cu 

C 
CO 

c 
o 

CO 

c 
•r-l 

)-. 
D 
601 

•i-l 



- 1 5 4 -

s t e e l s was s u b s e q u e n t l y u n d e r t a k e n . The t h r e e s t e e l s 
(DHP, DFD and 0 1 7 ) were s e l e c t e d as b e i n g t y p i c a l o f 
the s t e e l t y p e ( s e m i - k i l l e d , f u l l y - k i l l e d and c o n t r o l l e d -
r o l l e d ) and d i s c specimens, n o m i n a l l y 4 , 5 mm diameter 
and 1 mm t h i c k , were prepared from b u l k s e c t i o n s by 
machining and g r i n d i n g . Great care was tak e n t o ensure 
m i n i m a l specimen h e a t i n g d u r i n g b o t h o p e r a t i o n s , which 
were performed i n t h e presence o f copious amounts of 
c o o l a n t . The s e l e c t i o n o f a mechanical p r e p a r a t i v e 
t e c h n i q u e i n p r e f e r e n c e t o spark c u t t i n g , f o r example, 
was made a f t e r Jansen and Z e e d i j k had shown t h a t l e s s 
m a t e r i a l damage ( d i s l o c a t i o n s e t c . ) was observed i n 
s i m i l a r s t e e l s u s i n g t he former method (Jansen and Z e e d i j k 
( 1 9 7 2 ) ) . 

F i v e specimens were c u t t h r o u g h the t h i c k n e s s o f 

each b u l k sample, as i n d i c a t e d i n F i g u r e 6 . 1 4 , and the 

s t e e l r o l l i n g d i r e c t i o n s was marked on every one. Measure­

ments made as a f u n c t i o n o f p o s i t i o n w i t h i n the pipe 

w a l l were a l l conducted w i t h t h e f i e l d d i r e c t i o n p a r a l l e l 

t o t h e r o l l i n g d i r e c t i o n . Those made as a f u n c t i o n 

o f a n gle w i t h r e s p e c t t o the r o l l i n g d i r e c t i o n were 

conducted on t h e middle specimen. 

I n a d d i t i o n t o the magnetic measurements, m e t a l l o -

g r a p h i c a n a l y s e s were performed t h r o u g h t he pi p e w a l l 

f o r t h e t h r e e s t e e l s . A 1 3 mm by 9 mm s u r f a c e , p e r p e n d i c u l a r 

t o t h e p i p e s u r f a c e , was pre p a r e d f o r t h i s study by 

m e c h a n i c a l l y p o l i s h i n g down t o a 0 . 2 5 [im diamond paste 

and t h e n e t c h i n g t h e g r a i n b oundaries w i t h n i t a l ( 0 . 2 7 o 
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s o l u t i o n o f n i t r i c a c i d i n e t h a n o l ) . M e t a l l o g r a p h s were 
r e c o r d e d i n 1 mm i n t e r v a l s a l o n g f i v e rows, c o r r e s p o n d i n g 
t o t he d i f f e r e n t depths t h r o u g h the pipe w a l l from 
which t h e above specimens had been t a k e n , and, i n o r d e r 
t o o b t a i n s t a t i s t i c a l l y sound r e s u l t s , a p p r o x i m a t e l y 
1 8 0 0 f e r r i t e and 9 5 0 p e a r l i t e g r a i n s were counted and 
measured a l o n g each row. V i c k e r s hardness measurements 
were a l s o made a l o n g these same rows f o r one o f the 
s t e e l s (DHP). 

The r e s u l t s o b t a i n e d from these s t u d i e s on DHP, 

0 1 7 and DFD are shown i n Tables 6 . 5 , 6 . 6 and 6 . 7 r e s p e c t i v e l y , 

By r e f e r r i n g t o Table 6 . 5 i t can be seen t h a t the c o e r c i v e 

f i e l d o f DHP decreases t o a minimum a t the middle o f 

the p i p e w a l l , w i t h a v a r i a t i o n o f 1 3 . 5 7 o between s u r f a c e 

and c e n t r e , and a s i m i l a r i n c r e a s e o f 1 0 . 7 % i s observed 

w i t h r e s p e c t t o a n g l e from the r o l l i n g d i r e c t i o n . I t 

i s n o t ed t h a t t h e mean f e r r i t e d i a m e t e r shows c l e a r l y 

t h e o p p o s i t e t r e n d s , w h i l e t h e r e i s no such t r e n d f o r 

the p e a r l i t e d i a m e t e r . The hardness measurements a l s o 

are seen t o v a r y by 1 0 . 8 % , w i t h a minimum value a t the 

mi d d l e o f t h e p i p e w a l l . 

Using t h e r e l a t i o n s h i p s observed between H^ and 

b o t h (mean f e r r i t e d i a m e t e r ) a n d V i c k e r s Hardness 

( e q u a t i o n s ( 6 . 2 6 ) and ( 6 . 2 2 ) r e s p e c t i v e l y ) , values o f 

c o e r c i v e f i e l d may be p r e d i c t e d from the g r a i n s i z e 

and hardness measurements. These r e s u l t s are a l s o shown 

i n Table 6 . 5 where i t i s seen t h a t reasonable agreement 

i s o b t a i n e d between the measured values o f H^ and those 

d e r i v e d from a knowledge o f the f e r r i t e g r a i n s i z e , 
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but t h a t p r e d i c t i o n s based on hardness measurements 
are n o t as r e l i a b l e . Both s e t s o f d a t a , however, do 
i n d i c a t e q u a l i t a t i v e l y t h e observed t r e n d s i n the c o e r c i v e 
f i e l d measurements. 

Tables 6 . 6 and 6 . 7 show s i m i l a r r e s u l t s f o r 0 1 7 

and DFD b u t , w h i l e s i m i l a r arguments t o t h e above may 

be used t o d e s c r i b e the t r e n d s observed f o r 0 1 7 , t h i s 

i s n o t t h e case f o r DFD. Here i t i s seen t h a t a s y s t e m a t i c 

i n c r e a s e o f 9 . 6 % i n the c o e r c i v e f i e l d i s accompanied 

by a s i m i l a r i n c r e a s e o f 2 2 7 o i n f e r r i t e g r a i n s i z e and 

a decrease o f 3 6 % i n p e a r l i t e g r a i n s i z e . The c o n t r i b u t i o n 

t o t h e c o e r c i v e f i e l d from t h e p e a r l i t e phase cannot 

be i g n o r e d f o r t h i s s t e e l and the r e s u l t i n d i c a t e d by 

e q u a t i o n ( 6 . 3 1 ) i s inv o k e d t o p r o v i d e a q u a l i t a t i v e 

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

o f t h e c o e r c i v e f i e l d w i t h r e s p e c t t o the r o l l i n g d i r e c t i o n 

i s much i n c r e a s e d f o r these s t e e l s ( 6 0 % and 2 9 7 o v a r i a t i o n s 

f o r 0 1 7 and DFD r e s p e c t i v e l y ) and i s not w e l l f i t t e d 

by v a r i a t i o n s i n f e r r i t e and p e a r l i t e g r a i n s i z e s or 

th e f e r r i t e g r a i n s i z e a l o n e . The i n t e r p r e t a t i o n o f 

t h i s d a t a , t h e r e f o r e , i s not c l e a r a t the pr e s e n t t i m e , 

a l t h o u g h i t has been suggested (Tanner and Corner ( 1 9 8 5 ) ) 

t h a t a n i s o t r o p y o f the c e m e n t i t e and f e r r i t e - p e a r l i t e 

g r a i n boundary p i n n i n g s i t e s may be r e s p o n s i b l e f o r 

t h i s . F u r t h e r o b s e r v a t i o n s o f domain w a l l m otion i n 

these s t e e l s , however, are r e q u i r e d t o v e r i f y t h i s . 

I t i s n o t e d t h a t t h e average values o f c o e r c i v e 

f i e l d f o r t h e f i v e specimens o f each s t e e l agree w e l l 

w i t h t h e v a l u e o b t a i n e d from the permeametry o f b u l k 
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samples. A l t h o u g h the VSM measures the f i e l d a t which 
the m a g n e t i z a t i o n i s reduced t o z e r o , compared t o the 
yoke permeameter which d e f i n e s as the f i e l d a t which 
t h e t o t a l i n d u c t i o n i s n u l l e d , good agreement i s expected 
between t h e two independent measurements because the 
low c o e r c i v e f i e l d v a l u e s and the l a r g e d i f f e r e n t i a l 
p e r m e a b i l i t y ( ~ 8 0 0 0 ) o f these s t e e l s i n t h i s f i e l d 
r e g i o n produces a t h e o r e t i c a l d i f f e r e n c e o f l e s s t h a n 
0 . 0 1 kAm""*" between the two r e s u l t s . 

I n terms o f the r e l e v a n c e t o the m o d e l l i n g o f the 

b e h a v i o u r o f t h e i n t e l l i g e n t PIG w i t h i n such p i p e - s t e e l s 

the v a l u e s o f c o e r c i v e f i e l d may be used t o r e c o n s t r u c t 

t h e i n i t i a l m a g n e t i z a t i o n curve f o r the f i v e r e g i o n s 

w i t h i n the p i p e - w a l l t h i c k n e s s by u s i n g the r e s u l t s 

o f s e c t i o n 6 . 2 . These may then be i n p u t t o the computer 

package ( P E 2 D ) t o p r o v i d e a-more a c c u r a t e r e p r e s e n t a t i o n 

o f t h e p i p e m a t e r i a l ' s c h a r a c t e r i s t i c s . By way of example 

F i g u r e 6 . 1 5 shows the range o f b e h a v i o u r a l d i f f e r e n c e s 

p r e d i c t e d by the r e s u l t s o b t a i n e d f o r DHP. The two 

curves p r e s e n t e d here are f o r the s u r f a c e and middle 

r e g i o n s o f the p i p e w a l l and they r e v e a l a 1 0 . 8 % i n c r e a s e 

i n t he v a l u e o f maximum p e r m e a b i l i t y ( fi ) and a 

c o r r e s p o n d i n g 1 1 . 6 7 o decrease i n t h e f i e l d v a l u e a t which 

maximum p e r m e a b i l i t y (H ^^) i s observed. These values 

c o u l d have been determined d i r e c t l y from the r e l a t i o n s h i p s 

r e v e a l e d i n S e c t i o n 6 . 2 b u t , f o r the purposes o f computer 

m o d e l l i n g , the complete c h a r a c t e r i s t i c i s r e q u i r e d . 
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CHAPTER 

SUGGESTIONS FOR FURTHER WORK 

De s p i t e t h e v e r y s u b s t a n t i a l body o f data c o l l e c t e d 

by t h e Durham r e s e a r c h team over t h e 3 years o f the 

c o n t r a c t w i t h B r i t i s h Gas, t h e r e are i n e v i t a b l y many 

areas which have n o t been s t u d i e d i n s u f f i c i e n t d e t a i l 

and some areas which have not been s t u d i e d a t a l l . 

The r e s u l t s p r e s e n t e d i n t h i s t h e s i s have h i g h l i g h t e d 

a few o f these and the y are r e f e r r e d t o below as suggestions 

f o r f u r t h e r work. 

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

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

magnetic p r o p e r t i e s and m e t a l l o g r a p h y o f p i p e s t e e l s 

between p i p e l e n g t h s from d i f f e r e n t batches. To d a t e , 

l i t t l e d a t a has been c o l l e c t e d which would r e v e a l such 

d i f f e r e n c e s and the c o n t i n u i n g c a t e g o r i z a t i o n o f these 

parameters i s suggested, t h e r e f o r e , i n o r d e r t o achieve 

t h i s . W h i l s t t h e d e t e r m i n a t i o n o f the magnetic p r o p e r t i e s 

r e q u i r e s l i t t l e manpower i n v e s t m e n t , the time r e q u i r e d 

t o p r e p a r e and measure t he m e t a l l o g r a p h s i s c o n s i d e r a b l e . 

An i n v e s t i g a t i o n i n t o t h e f e a s i b i l i t y o f au t o m a t i c scanning 

o f m e t a l l o g r a p h s would, t h e r e f o r e , be w o r t h w h i l e . 

I t has been shown here t h a t p r e d i c t i o n s o f the 

magnetic p r o p e r t i e s o f b o t h normal and h e a t - t r e a t e d 

p i p e - s t e e l s may be made t o a reasonable t o l e r a n c e from 

measurements o f the c o e r c i v e f i e l d . T h i s p e r m i t s the 

d e t e r m i n a t i o n o f the c h a r a c t e r i s t i c s i n the h e a t - a f f e c t e d 

zone near weld s i t e s but does n o t a l l o w the p r e d i c t i o n 
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o f t h e p r o p e r t i e s o f the weld m a t e r i a l . I f , however, 
s i m i l a r r e l a t i o n s h i p s between the parameters r e q u i r e d 
t o model t h e i n i t i a l m a g n e t i z a t i o n curves o f weld m a t e r i a l 
and o t h e r p a r a m e t e r s , which are e a s i l y measurable u s i n g 
s m a l l samples, are f o u n d , such p r e d i c t i o n s w i l l be p o s s i b l e 
T h i s w i l l r e q u i r e t h e complete c a t e g o r i z a t i o n o f t h e 
p r o p e r t i e s o f weld m a t e r i a l s s i m i l a r t o t h a t d e s c r i b e d 
here f o r p i p e - s t e e l s and, i n o r d e r t o de t e r m i n e a c c u r a t e l y 
t h e magnetic c h a r a c t e r i s t i c s o f the m a t e r i a l s , a perm-
eameter, de s i g n e d f o r use w i t h s m a l l samples, must be 
c o n s t r u c t e d . 

F u r t h e r i n v e s t i g a t i o n s are a l s o suggested i n t o 

t h e v a r i o u s models f o r t h e c o e r c i v e f i e l d i n these p i p e -

s t e e l s . The i n i t i a l r e s u l t s p r e s e n t e d here i n d i c a t e 

a g r a i n s i z e dependent term which i s c o n s i s t e n t w i t h 

t h e t h e o r i e s o f D o r i n g ( 1 9 3 8 ) , Mager (1952) and Goodenough 

(1 9 5 4 ) , but v e r i f i c a t i o n o f t h i s can be o b t a i n e d by 

c o n d u c t i n g measurements o f c o e r c i v e f i e l d as a f u n c t i o n 

o f t e m p e r a t u r e (Goodenough ( 1 9 5 4 ) ) . This study w i l l 

a l s o r e q u i r e a knowledge o f the v a r i a t i o n o f the e f f e c t i v e 

a n i s o t r o p y and t h e s a t u r a t i o n m a g n e t i z a t i o n o f the m a t e r i a l 

as a f u n c t i o n o f t e m p e r a t u r e , and a t o r q u e magnetometer 

capable o f measurements a t b o t h reduced and e l e v a t e d 

t e m p e r a t u r e s w i l l be r e q u i r e d . 

Magnetic a n i s o t r o p y measurements made a t room temp­

e r a t u r e , however, w i l l a l s o y i e l d u s e f u l d a t a , as suggested 

by t h e measurements o f c o e r c i v e f i e l d as a f u n c t i o n 

o f a n g l e . These r e s u l t s , combined w i t h measurements 

o f s t e e l t e x t u r e and f u r t h e r o b s e r v a t i o n s o f domain 
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w a l l movement, i n c l u d i n g an i n v e s t i g a t i o n i n t o the p o s s i b l e 
a n i s o t r o p y o f c e m e n t i t e o r i e n t a t i o n w i t h i n the p e a r l i t e 
phase, would h e l p t o c l a r i f y t he a n i s o t r o p y o f magnetic 
b e h a v i o u r r e p o r t e d h e r e . 

A much more a m b i t i o u s p r o j e c t would i n v o l v e an 

i n v e s t i g a t i o n i n t o t h e e f f e c t o f the a l l o y i n g elements 

p r e s e n t i n these s t e e l s on the magnetic p r o p e r t i e s , 

and t h e c o e r c i v e f i e l d i n p a r t i c u l a r . T his would i n v o l v e 

a c o n s i d e r a b l e i n v e s t m e n t o f t i m e and equipment i n order 

t o s t u d y t h e b e h a v i o u r a l changes t o the s t e e l as the 

i n c l u s i o n c o n t e n t i s i n c r e a s e d , but evidence suggests 

(Yensen and Z i e g l e r (1935)) t h a t the r e s u l t s o b t a i n e d 

from t h i s work, a l t h o u g h complex i n n a t u r e , w i l l g i v e 

i n v a l u a b l e i n f o r m a t i o n on the g r a i n s i z e independent 

term t o the c o e r c i v e f i e l d (Goodenough ( 1 9 5 4 ) ) . 
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APPENDIX A 

L i s t i n g o f D i g i t i z e r and A n a l y s i s program 

T h i s appendix c o n t a i n s a l i s t i n g o f the program 

which d i g i t i z e s a p r e - r e c o r d e d B-H l o o p and conducts 

a F o u r i e r a n a l y s i s o f t h e r e s u l t i n g d a t a . I t i s w r i t t e n 

i n PET Basic and c o n t a i n s commands f o r a two channel 

DAC board (addresses 18 and 19) and an ADC board (address 

9) on MINICAM. These are used t o p r o v i d e s i g n a l s t o 

c o n t r o l t h e X and Y movement o f t h e p l o t t e r ' s pen c a r r i a g e 

and measure the response o f the l i g h t pen r e s p e c t i v e l y . 
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1 p o k e 1 .r e : poke2 ,.143: 1 : rwi= 1 : 1 
2 o r:' e r-i 4 r 4 r Hi: r:- r• i n -t # 4 r c hi r- 2 7 > c h r * < 9 6 > ; c h r• $ < 2 7 > j c h r * < 8 Gi > 
3 r-'f- i n t # 4 .r c h r * < 2 7 > ; c h r * < 4 3 > ; c h r * 0 0 > .; 
4 r-r i n t # 4 " " ; c h r * < 2 7 > .? c h r * < 0 9 > 
5 r:'r i n t # 4 . r " 
6 r:T i n t # 4 . , " " ;chr*';27> .;ch 

r*<0O::' 
12 k= 1 : h=0 : f^=0 : c^^O 
13 i ri I v - 3 0 0 > z < 3 0 0 . • • h < 3 0 0 > 
15 19 :n;;=k-1 : A=usr <4 > 
16 •=•;•;= 1S : ri';=r-': •B=usr- >' 4 > 
13 p r i n - t " g " 
19 ^:•r•in-t"liEll•JEEEEI:»-.i•t a/-iy k e y t o c o n t i n u e " 
2 0 -net a * : i t a * = " " t h e n 2 0 
3 0 .=<;•:= 1S : nX=p : a=t.4sr < 4 ::• 
31 a;;= 19 : n.";=k : a=i.jsn K 4 > 
3 2 b = t i 
3 3 i t t i -k>< 1 0 0 t h e n 3 3 
3 5 aw';=9 : x=usr- >:. 5 > : p-r i n t x 
4 0 a,";= 19 : n";=k : a=usr- 4 
5 0 -BX^S : y=UBr- <'i 5> : fc-r- i ntj-' 
5 5 i t k > S O 0 t h e n 1 5 0 
t.0 i t y < 6 5 0 t h e n 1 OO 
€•€• k = k + l 
70 •:ioto35 
100 r:.rint"x="p.;"t="f:-;"y="k 
1 0 6 ••-ir=r-' 
107 t=<':t+10 10 
103 y<t:;'=k 
109 z ' : : t > = f i 
120 r:'=f:'+10 :k=k-15 
130 •3oto30 
150 k=k-20O : h=h+1 : i t h = 1 •3oto40 
160 k=k+20G : r--=r-— 10 : •H=f^+10 
170 3 ' ; = 13 : n';=p : a=c4sr < 4 > 
171 a;';= 19 : n;i=k : a=i.4£:r < 4 > 
172 lc.=ti 
1 7 3 i t t i - k : . < : i G 0 t h e n l 7 3 
130 s'i=9 : X = L 4 5 r \ 5 > : t- i n t x 
190 a;;= 19 : n;-:=k : a = u s r < 4 .:• 
2 0 0 a;;=9 : y=i.4sr < 5 > : r-'f i n t y 
2 1 0 i t k = O t h e n 3 0 0 
2 2 0 i t y < : 6 5 0 t h e n 2 5 O 
2 3 0 k = k - l 
2 4 0 c i o t o l S O 
2 5 0 ft-- i n t " x= " • " t = ct; " y = " k 
2 5 6 t=<-.t+lO:>/10 

y : t > = k 
z < t : : ' = | C ' 

2 6 5 i t p = 0 t h e n 3 1 0 
2 7 0 (o=p-10:':t=<:i+10:k=k+15 
2 9 0 •:iotol70 

2 5 3 
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3 6 0 k=k+8eiHi: h=h+1 : r-'=r-—10:1 -f h=C-ith€'n 178 
3 1 0 U=0 
3 2 0 f o r i = 2 1 o 3 O G 
3 3 0 b=z i > : a.=z < i -1 
3 4 0 i + a.=1.1 h e r-i 3 6 0 
3 5 0 n e x t i 
3 6 0 3 = < a + 1 0 ;:• / 1 0 
3 7 0 h=y < 3.> — V ' 1 > : •=<.=z •'. A.-'—X< 1 .•• 
3 3 0 b=b / 2 s 5i= ay" 2 
3 9 0 +or-i=2t.o300 
4 0 0 c = i - l 
4 1 0 i y •:: i > = 0 t h e n 4 2 5 
4 2 0 n e - x t i 
4 2 5 d=y';i> 
4 3 0 -for.j = l t o c 
4 4 0 y .j .:• =y < .j > -d-h : 2 < .j > =z < j > - z < 1 > - a 
4 5 0 n e x + J 
4 6 0 d = c + l 
4 7 0 + c . r i = d t o 3 0 0 
4 3 0 y i > =y < i - c > ; z < i > =z < i - c > 
4 9 0 n e x t i 
5 0 0 -for i = l t o 3 0 0 
5 1 0 b i :> =y < i > * 3 5 0 / y A> 
5 2 0 n e x t i 
1 0 3 5 t = 0 s x=0 : d=0 : e = 0 : .a=0 
1 0 4 0 print"Sn2EEE>+-ouf-ier a / - i a l y s i s s t a r t i n - a " 
1 0 5 0 +0^-1 = 1 to3v;i0 
1 0 7 0 + 
1 0 8 0 i t i = l t h e n 1 1 4 0 
1 0 9 0 .j = i - l 
1 100 '.̂ =z < i > : c = z < .j > 
1 1 1 0 •:̂ =S'3n < > s e=S':in c ;:• 
1 1 2 0 i t e = O t h e n 1 1 5 0 
1 1 3 0 i t d : > e t h e n r--r i n t " t h e l o t o t h a / : i a i n s t t c r o s s e s h=0 a t i = "; 

i s t = i : x = x + l 
1 1 4 0 i t x = 2 t h e n 1 1 5 5 
1 1 5 0 n e x t i 
1 1 5 5 t = 1 0 0 0 : g o t o 1 1 S 0 
1 1 6 0 f:^-int. " t y p e i n t h e t i m e tz-eriod':! t.>" 
1 1 7 0 i n t M j t t 
11:50 r = t / ' ; t - i i > 
1 1 9 0 r - r i n f t h e t i n i e i n t e r v a K r >lc>etuieen sa/iif:-les o t t h e - f l u x d e n s i 

t y k:.= " ; r 
2 0 0 y=-P+l—3 
2 1 0 d i riic < y > s •' y > rn ••. y > n < y > -H^ y > r r-f <• 10 > ^ n < y u < 10 > a-' 10 > f^h-a-; 10 > 
2 0 t o r n = l t o l 0 

2 3 0 t o r k = l t o y 
2 4 0 c < k > = c o s < 2 * n * k-1 > *f- 1 > 
2 5 0 s k > = s i n < 2*n*. < k-1 > * r * T / t > 
2 5 5 h="3-l+l'i 
6 0 n<k::'=s'::k>*b.';h> 

1 2 7 0 n. k > = c < k > * h h > 
1'90 n e x t k 
3 0 0 r.i < 1 ;> =r.i < 1 > ,''2 : m < y > =rfi < y > / 2 
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1 3 1 0 n < 1 > =n •;: 1 > .-'2 : n < y y=n < y >/2 
132\df + o r l = l t o v 
1321 i + l > l ' 5 i o - t o l 3 2 5 
1 3 2 2 -H':: i:>=m':: 1> 
1 3 2 5 r-'s l>=ri':.' l> 
1324 'SiotolSSe 
1 3 2 5 a.= l - l 
1 3 3 8 •-•I I > = --i < •=<.:>+ rii < I > 
1 3 4 0 r I = r • < a. > + n I > 
1 3 5 8 n e x t ! 
1 3 6 0 r:-':;n::'=r*':i';y>i+i2/t 
1 3 7 0 1.4 n > =r*r- •:; j.- > *2,-'-t 
1 3 3 0 a. < n > = s •:; r-- < n > +u ••. n > :.<£: > 
1 3 9 0 i f < n ::• < > 0 t h e n 1 4 3 0 
1 4 0 0 i -ff-' '•• n ':• =0±h<s-rtr-'t~- i nt-" e v e n a/np I i +i.jde=0 -for n= " ; n 
1 4 1 0 f>ha'::n.:'=t,-'2 
1 4 2 0 '210+01440 
1 4 3 0 r-'ha.'̂  n> = a+.ri < u>' n > •••>>< n > > 
1 4 4 0 nex-tn 
1 4 5 0 r ^ r i n f - f o u r i e r coe-f-f=. a.<ri> fr-has-e a r c h i e s " 
1 4 6 0 + o r k = l - t o l 0 
1 4 7 0 r-r i nta.-; k > ; " " ; r:-ha< k > 
1 4 S 0 n e x t k 
1 5 1 0 r--r- i n t # 4 " " .? c h r * 27 > c h r * 81 > ; " S I H C O E F F U •:: N > " ; c h r * 

<27:> .:chr *<01 ::• ; 
1511 i n t # 4 " COS C G E F F P H > " ; c h r * < 2 7 > ; 'Zht-$ < 81 ;> ; " TOTAL C O E F F 
F)<H>" 
1 5 1 2 -for i = 1 t o 10 : a=i.4 i > : h=r-> < i > : c=a< i .•> 
1 5 1 3 f:'r ir-i+.#4chr•:; 09> .; a.;chr J:< 0 9 > tb.:chr*< 09':< ; c 
1 5 1 4 n e x t i 
1 5 1 5 z = z + l 
1 5 1 6 i - f z = 2 t h e n l 5 5 0 
1 5 1 9 r:-r ir.t.#4.," HORMRLISED C O E F F I C I E N T S " 
1 5 2 0 c=a'::i:;' 
1 5 3 0 -for i = 1 t o 10 : u •:: i > = L J < i > * 100,-'c : < i > =r-- < i > * 1 OO/c : a< i > =a< i > * 1 0 0 / c : 

n e x t i 
1 5 4 0 z = l : - 3 o t o l 5 1 2 
1 5 5 0 e n d 
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APPENDIX B 

L i s t i n g of BHLOOP.BAS program 

T h i s a p pendix c o n t a i n s a l i s t i n g of the program 

w r i t t e n f o r t he MINC mini-computer to conduct a f u l l 

m a g n e t i z a t i o n loop s t u d y u s i n g the p e r i p h e r a l equipment 

d e s c r i b e d i n C h a p t e r 3. 
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18 corrrrric-n n ° ;x < 188 .:• .r y < 188 > aX < 18C:i > 
2 0 coriifiion d 7 * a $ . r X * .,.v'*.̂ ŝ :.,5•• 
2 5 b * = c h r 7 -t-chr * 7 > -i-chr * < 7 > -t-chr$ < 7 > -^chr * 7 > 
3 8 ci i rci r < 1 > d * < 15 .:• 
3 5 d i rii t < 1 8 0 > ,r b O 1 0 8 r b 1 < 188 > h 188 hO < 100 > h 1 < 1OO > 
36 <:J i rii p''- 100 > 
4 0 a.oijt< .r0> 
78 c";'::8> = 18 rerii ' y a u s s r i i e t e r inr:'ut chaj-ine I 
8 0 c.°';'; 1 .•:' = 16 H rerri i n t e ' : i r a . t o r inr^-ut c h a r i n e I 
9 0 tu'i=l :i r e m - f i e l d s e v a . l u a . t e d O'-.'er ui'i-*-l/2 c y c l e s 
1 0 0 riil';=50 § rem no o-f sa/nf^ l e s a t e a c h maximum f i e l d 
102 aout'C,0..,0> 
103 p r i n t b*., " s w i t c h f l o w e r suf^fs l y on now" 
105 r : - r i n t " w i d t h & t h i c k n e s s o-f bai- c ms." ij i n f ^ u t 11,12 
l i e t = 11 * 12 1 0 0 0 0 * 2 * 1 0 * 9 9 . 6 ii= r e m 2 * b ar- ar- e a * n o o -f t u r n s * a i n o -f 
111 r em i n t e ^ i r a t i n'li ajiif:-1 i -f i e r 
1 1 5 r--7::=i 
128 k = . 8 4 r e m m i n b s t e t ^ 
1 2 5 k l = l . 0 e 8 e 0 e - 8 3 .? rem ma>c d i t - f e r e n c e i n b v a l u e s -for c y c l i c s 

t a t e 
1 3 0 pr- i n t " c h e c k i n t e - ^ r a t i n-y ajiic:-1 i -f i e r " s 
140 i n p u t cf* 
150 i-f •:t*<>"y" -30 t o 2 8 0 
160 s e t — y a i n u 4 c " ; < 1 > > 
165 d i s p l a y - c leaj--
1 70 t o r n=0 t o 5 0 8 
138 a i n < ' d ' r c ' r i < 1 > > 
198 n e x t n 
192 g e t - c h a r •:: a * > 
194 i t a.*="" t h e n 165 
2 0 0 cJ i s p I a j ' — c 1 e â --
2 2 0 ao u t <: .r 0 .r r 0 > 
2 3 0 s e t —3 a i n •:: ' r ' 0 c ' 8 > 2 > 
2 4 0 wi d e - I i n e < 'w ' 1 2 > 
2 5 0 h t e x t u ' r 1 2 1 0 " r e s e t i n t e - s t r a t i rfji arnp I i t i e r " > 
251 p r i n t . " - i i a u s s m e t e r s c a l e " , 
2 6 0 i n p u t ^ ' i \i •2i='jt'i 
2 7 0 i t i n t < •;oi;-i>/3:>*3=ot?i t h e n oi=-2i-i/3*S':ir< 10> 
2 S 0 p r i n t " m a ^ ; i m u n c u r r e n t . no o t p o i n t s p e r ---luadrant" 
2 9 8 i npi .4t p;-; .r i Q'i 
3 0 0 s ; ; = p r::/i00 
3 1 0 p r i n t " m a . ^ . c u r " " s t e p " i n c " " h " " b " 
3 2 0 n;i=0 
3 3 0 h'::0>=8 ^ b<0>=0 
5 4 0 x-:n;;:>=0 ? y<n;-;>=0 
3 4 5 bl'::k;':>=0 
5 5 8 t o r n=0 t o 2*mr; 
3 7 0 p7;i=-p7;i: 
5 8 8 a;;=0 :| b;i=p7v*p;i ? c;;=aJc.s<s;0 IK k;^=0 ;| olosub 6 0 8 8 
5 9 0 -iiosub 6 2 0 0 
4 0 0 a;i=p7;^*P?-; \i k-y.=Q s c?i;=abs';s;^> 
4 1 0 c j o s u b 6 0 0 0 



- 167 -
6 2 0 n e x t n 
6 3 0 X •:: n;;> =h•::k;̂ : ::• /2/n.;;*oi*. 04 i? y<n;-;>=b< k;-;::• /n - . r;/2/t 
6 4 0 f--*'-i f i t r--'- r s'-.-e-"'- .r y- '•• n'i> y < n^-i> 
6 5 0 i t h'::k.': ••/'4/rii;;<l. 3 -yo t o 6 S 0 i p-r i n f - a a u s s m e t e r o v e r t lom" 
651 f:-r i n t " n e u i 'Sia.ussriieter s e a . l e " ; 
6 5 5 f:'a.i.4se'C2> p r i n t b$ 
6 6 0 i n p u t yK ij; •-j=yK 
6 7 0 i t int-:: <'3;i::'/3>*3=^j;^ t h e n oi=^i";/3*S':tr '; 10> 
6 7 5 iio t o 3 3 0 
6 3 0 i t abs<y'::n?;.':'+z::'<kl t h e n 7 0 0 
6 9 0 z=y<n;;:> g zl=x'::n:;::' iii --jio t o 3 3 0 
7 0 0 y < n;-; > =ai:.s < < y < n ^ > - z > / 2 > 
7 1 0 >s •:: n;-; > = ai:.s < < x < n."-; - z 1 > / 2 > 
7 6 0 r e m 
7 7 0 rem r e c o i 1 c u r v e 
7 3 0 rem 
8 0 0 t o r i';=0 t o iO^; 
8 0 5 i=i;-: ii p=p"i i? 10=10;-; 
8 0 6 p l = i i * p / i 0 
8 1 0 p;;<i;;::'=pi § p ; ^ < 2 * i 0 ; i - i ; o = f : ' i 
8 2 0 n e x t i : - : 
8 3 0 t o r i";=0 t o 2*10:-; § b<;i;;>=0 ^ bi<i;;>=0 h<i;-;::'=0 ^ hi ' r i r;>=0 

§ n e x t i : - : 
3 3 5 i t r-'7r':>0 CIO t o 8 4 0 
3 3 6 a;;=0 b.-i-p^: c"i=s;': c i o s u b 6 0 0 0 iji pa.use';'2> 
8 3 7 a;;:=p;-; % b;;=o n c;;=s;i ? g o s u b e o o o 
8 4 0 pause-;2> 
8 5 0 t o r k : i=0 t o 2 * i 0 : ; - l 
8 5 5 p;i<k;;>=-p;; 'Ck;;> 
8 6 0 t o r n=0 t o 2'*m?-; 
8 6 5 p;;a:::;>=-p;^acr;> ^ pK<i<:<+iy=-fyK<k:i+i> 
8 6 8 p r i n t p:i<kK'> 
8 7 0 a;;=p;i;';:k;;::' H b;;=p;; ';kr;+i :> in c;-:=s;-; 
8 8 0 cjosub 6 0 0 0 
8 9 0 ••-losub 6 2 0 0 
9 0 0 pa.useCO.S:) 
9 0 2 i t n=2 -sio t o 9 1 0 
9 0 5 -iiosub 6 5 0 0 
9 1 0 n e x t n 
9 1 5 ra.use<.5> 
9 2 0 n e x t UM 
9 3 0 t o r k;':=0 t o 2 * i 0 ; ; - l 
9 4 0 X k:-: > =h < k?-; > /2/m:i*oi*. 04 y u:-: > =b > .•'•m;;/2/t 
9 5 0 n e x t k;-; 
9 5 5 i t x';i0-;>>0 .30 t o 9 7 5 
9 6 0 t o r n=0 t o 2 * i 0 ; ' ; - l ij x<.'n>=-x<n.':' n e x t n 
9 7 5 i t y<i0";::>>0 -30 t o lOOO 
9 8 0 t o r n=0 t o 2 * i 0 ; ' : - l y<n:>=-y:n> ^ n e x t n 
1 0 0 0 a o L J t - : : 0 ^ 0 > 
1 0 1 0 p r i n t b'* !;< p a u s e < 2 > H p r i n t i:<$ 
1 0 2 0 ' a r a p h - i n i t 
1 0 2 5 t e x t - i n i t 
1 0 3 0 U.I i ndoui < - 1 - 1 r •< < 10"'̂  > 2. 2 O > 
1 0 4 0 oirap'h •:: ' -g ' ̂  i O ' i x < 0 > , y < O > r r s 1 > 
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1 0 4 5 yrsr-'h < •' -'3 10";., >; 10"; :>y i 0"i > r 2 > 
3 0 0 0 rem b e i i i n n i n - y o t p r i n t on I p : 
•3005 n;;=2*i0;; 
301 0 p r i n t . " p r i n t t i l e " : 
•3020 i n p u t •--i2$ i 11 se-Li* \ •^l2* ,1,1 '•> < >"y" -no t o 5 0 0 0 
3 0 3 0 o p e n " I p : " t o r o u t p u t a s t i l e #1 
3 0 4 0 p r i n t #1 : 
3 0 5 0 p r i n t # 1 : " b - h da.t.a" d . a t * c I k * 
3 0 6 0 p r i n t #1 : 
3 0 7 0 p r i n t #1 : 
3 0 8 0 p r i n t #1 : r " c i a u s s m e t e r s c a l e " . r ' l i ' i ; " g a u s s II 
3 0 9 0 p r i n t #1 : 
3 1 0 0 p r i n t #1:.,.," h kR.-'m".," b t e s la . " . , " Nu"., " Mu d l t t " 
31 10 p r i n t . # 1 : O , x O > y < 0> y <O>̂ -'.x< •1 ':> *. OS 
3 1 2 0 t o r o = l t o n?'.'—2 
3 1 3 0 pr- i n t # 1 : , o x i o y o y < o .'> /x i > > *. 08., < y >': o +1 > -V KC'-1 ':> 
X'^O-l ':> ':> *. 0 8 
3 1 4 0 n e x t o 
3 1 5 0 p r i n t # 1 :n";'-1 .x < n'i-1 ':>y < fui-1 .,y<nr;-l >,-'.x •;n ; i - i ::'*.08 

.+1 > 

3 1 6 0 c l o s e #1 
5 0 0 0 rem b e g i n n i n g o t s a v e o n d i s c 
5 0 1 0 p r i n t " sa.ye t i l e " : 
5 0 2 0 i n p u t c t l * 
5 0 3 0 i t s e g ^ v c i l * . , ! ., l > < > " y " t h e n 5 1 4 0 
5 0 4 0 p r i n t " t i l e na/ne " : 
5 0 5 0 i n p u t t f 
5 0 6 0 p r i n t " t i t l e " : 
5 0 7 0 I i n p u t t * 
5 0 8 0 o p e n t * t o r o u t p u t a s t i l e #2 
5 0 9 0 p r i n t # 2 . , t * 
5 1 0 0 t o r n=0 t o rui-l 
5 1 1 0 p r i n t #2., u s i n g " # # # # # . #### ' ###. #### " , x < n > * 1OGO ; " ., " .; y < n > 
5 1 2 0 n e x t n 
5 1 3 0 c l o s e # 2 
5 1 4 0 go t o 1 0 0 0 0 
6 0 0 0 rem c u r r e n t o u t p u t r o u t i n e 
6 0 0 5 i t a;;>b;-; t h e n c';=-c;-; 
6 0 1 0 t o r i;;=a;': t o b.--; s t e p c.'-: 
6 0 3 0 i t i;--:>204S t h e n p r i n t b * " c u r r e n t t o o lai--ge" i? go t o 6 0 9 0 
6 0 7 0 aoi.jt < ., i .,.,0 > 
6 0 8 0 n e x t 1,"; 
6 0 9 0 r e t u r n 
6 2 0 0 rem i n p u t r o u t i n e 
6 2 0 5 r 0 = 0 iii r l = 0 
6 2 1 0 pause-:: 1 ;> 
6 2 2 0 t o r .j";=l t o mi;-: 
6 2 3 0 Ain-: ' r ' .,r<::>.,2., .,c;-;<0>.,2> 
6 2 4 0 r 0 = r < O > + r 0 r 1 = r < 1 > + r 1 
6 2 5 0 n e x t ..i'i 
6 2 9 0 h0<k;':.->=r0/mi;'; i b0<k;'::>=rl/ml^; 
6 3 0 0 i t bl';k;':;>=0 t h e n 6 3 5 0 
6 3 1 0 h < vu-: >=h0 u:-: > - h i >: kr-: ::• > - h < uy. :> 
6 3 2 0 b u ' A > = b O k ; w - b i < k ; o : > - b K k : i : > 
6 3 5 0 h l < k ; o = h 0 < k ; i > % b l •:k/;>=b0<k;i:> 
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6 3 6 0 r e t i - j r n 
6 5 8 0 rem a d v a n c e ha. lti.Ma.y roi.jnd l o o p 
6 5 1 8 i t U;•;!> = '•: i O - 1 > •]}o t o 659O 
6 5 2 0 i t n = l go t o 6 5 6 8 
6 5 5 8 b;;=-p;-; i? a;;=p':(:k;;-i-i:> 
6 5 4 8 i i o t o 6 5 7 8 
6 5 6 8 fc<'i=p•; a'i=f--''- k '+1:> 
6 5 7 8 cr;=s;-; 
6 5 3 8 -jiosub 6 0 0 0 § p.a.use<.5> 
6 5 9 0 i t k;;>=i0;-; -no t o 6 6 0 6 
6 6 0 0 i t n = l go t o 6 6 0 2 
6 6 0 1 ay;=:-p'; -i oioto 6 6 0 5 
6 6 0 2 a;;=p;-; 
6 6 8 5 b:;=8 % c';=s"; 
6 6 8 4 i i o s u b 6 0 0 0 ;ii p a u s e d . 5 > 
6 6 0 5 -210 t o 6 7 2 1 
6 6 0 6 a:i:=p^;'::kr;-t-i::' b";=0 ii! c^;=s;^ 
6 6 0 7 -siosub 6 0 0 0 s p.ause<.5> 
6 7 2 1 i t k";<=i0;'^ -30 t o 6 7 5 5 
6 7 2 2 i t n = l go t o 6 7 2 5 
6 7 2 5 a;;=0 \i b'i^p?-; 
6 7 2 4 go t o 6 7 2 6 
6 7 2 5 a;^=0 !? b;;=-p;^: 
6 7 2 6 c"'J=s'i 
6 7 2 7 g o s u b 6 0 0 0 :< p.a.use<. 5.-.' 
6 7 2 3 i t n = l go t o 6 7 5 1 
6 7 2 9 a;;=p;-; b;^=-p;;<k;^> 
6 7 5 0 go t o 6 7 5 2 
6 7 5 1 .a;;=-p;-i § b;^=-p;;<k;;> 
6 7 5 2 c';=s."'J 
6 7 5 3 g o s u b 6 0 0 0 .'i p a u s e d . 5> 
6 7 3 4 go t o 6 7 5 0 
6 7 3 5 a;;=8 ^ b:;=-p ; ; - ;k;i>ii c r ; = s r ^ 
6 7 4 8 g o s u b 6 8 0 0 ;j p a u s e ^ O . 5> 
6 7 5 0 r e t u r n 
1 0 0 0 0 e n d 
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APPENDIX C 

TRANSFER OF DATA BETWEEN MINC MINICOMPUTER 

AND PET MICROCOMPUTER 

C . l I n t r o d u c t i o n 

T h i s a p p e n d i x c o n t a i n s a b r i e f d e s c r i p t i o n and a 

l i s t i n g o f t h e complete s u i t e of programs w r i t t e n to 

t r a n s f e r d i s c b ased d a t a f i l e s between a MINC minicomputer 

a t OLIC and a CBM d i s c d r i v e n o r m a l l y c o n n e c t e d to a 

PET microcomputer a t Durham. The u s e r s e l e c t s the program 

r e l e v a n t t o t h e p a r t i c u l a r t a s k w i t h the a i d of a menu 

of o p t i o n s : 

DIR0 - g i v e s d i r e c t o r y of PET d i s c 0 
D I R l - g i v e s d i r e c t o r y of PET d i s c 1 

L I S T - a l l o w s both program and s e q u e n t i a l ( d a t a ) 

f i l e s on PET d i s c t o be l i s t e d 

CP2M - c o p i e s d a t a f i l e s from PET to MINC 

CM2P - c o p i e s d a t a f i l e s from MINC to PET 

QUIT - e x i t s program s u i t e . 

Non-ambiguous a b b r e v i a t i o n s o f the above commands 

a r e a l l o w e d . 

The s u b r o u t i n e SEQ i s c a l l e d to l i s t e i t h e r program 

o r s e q u e n t i a l f i l e s s t o r e d on PET d i s c u n l e s s the r e l e v a n t 

s e q u e n t i a l f i l e has p r e v i o u s l y been t r a n s f e r r e d from 

MINC to PET, i n w h i c h c a s e the s u b r o u t i n e SEQNEW i s c a l l e d . 

S u b r o u t i n e SFTRAN t r a n s f e r s s e q u e n t i a l ( d a t a ) f i l e s from 

MINC d i s c to PET d i s c 1, w h i l e a t r a n s f e r i n the o p p o s i t e 

d i r e c t i o n c a l l s s u b r o u t i n e PETCOP. 
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C.2 The PET a d d r e s s system 

I n o r d e r t o communicate w i t h a d i s c f i l e on a CBM d i s c 

d r i v e both a p r i m a r y and a s e c o n d a r y a d d r e s s i s r e q u i r e d . 

The p r i m a r y a d d r e s s i s the d e v i c e number which i s always 

s e t e q u a l t o 8 f o r a CBM d i s c d r i v e , but the se c o n d a r y 

a d d r e s s t a k e s on d i f f e r e n t v a l u e s depending on the r e q u i r e d 

o p e r a t i o n ( s e e T a b l e C . l and a l s o F i s c h e r and J e n s e n 

(1980) and West ( 1 9 8 2 ) ) . 

By r e f e r r i n g to T a b l e C . l i t can be s e e n t h a t the 

c h a n n e l no. , w h i c h c o r r e s p o n d s to the f o u r l e a s t s i g n i f i c a n t 

b i t s o f t h e s e c o n d a r y a d d r e s s , must be e q u a l to 0 o r 

1 o n l y f o r l o a d i n g and s a v i n g program f i l e s . Any o t h e r 

d i s c i n p u t / o u t p u t o p e r a t i o n , however, can have any channel 

no. between 2 and 14 i n c l u s i v e ( t h e v a l u e of 15 i s r e s e r v e d 

f o r the PET command c h a n n e l ) . The s e c o n d a r y a d d r e s s e s 

u s e d t h r o u g h o u t t h e program s u i t e c a n , t h e r e f o r e , be 

e x p l a i n e d i n terms of t h i s t a b l e . F o r example, the sequence 

o f e v e n t s r e q u i r e d to l i s t a program f i l e s t o r e d on PET 

d i s c a r e : 

( i ) Send LOAD command - s e c o n d a r y a d d r e s s 240^^ 

( i i ) I n p u t d a t a b y t e s ( r e p e a t ) - s e c o n d a r y a d d r e s s 

( i i i ) Send CLOSE command - s e c o n d a r y a d d r e s s 224^Q 

and by r e f e r r i n g t o s u b r o u t i n e SEQ i t c a n be seen how 

t h e s e s e c o n d a r y a d d r e s s v a l u e s a r e used i n c o n j u n c t i o n 

w i t h t h e n e c e s s a r y i n s t r u m e n t bus u n l i s t e n and u n t a l k 

commands (IBUNL and IBUNT) to a c h i e v e the program l i s t i n g . 
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TABLE C . l 

OPERATION SECONDARY ADDRESS B I T PATTERN 

LOAD 
MSB 
1 1 1 1 0 0 0 

LSB 
0 

SAVE 1 1 1 1 0 0 0 1 

CLOSE 1 1 1 0 b b b b 

OPEN ( w i t h f i l e name) 1 1 1 1 b b b b 

OPEN (no f i l e name) 0 1 1 0 b b b b 

PRINT # 0 1 1 0 b b b b 

INPUT # 0 1 1 0 b b b b 

c h a n n e l no. 

b = 0 or 1 
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C.3 The format of s e q u e n t i a l and program f i l e s s t o r e d 
on PET d i s c 

The r e t r i e v a l o f d a t a from PET s e q u e n t i a l f i l e s 

i s s t r a i g h t f o r w a r d . Once the r e l e v a n t OPEN command has 

been s e n t t h e PET d i s c d r i v e r e s p o n d s by a l l o w i n g the 

d a t a b y t e s c o n t a i n e d i n t he f i l e t o be INPUT to the c o n t r o l l e r 

u n t i l t h e end of f i l e i s r e a c h e d . These d a t a b y t e s a r e 

s e n t down t h e GPIB a s t h e normal A S C I I c h a r a c t e r s e t 

and d e c o d i n g i s t r i v i a l . When no more d a t a b y t e s a r e 

r e c e i v e d by t h e MINC the PET f i l e i s CLOSED. 

The l i s t i n g o f PET program f i l e s , however, i s made 

more c o m p l i c a t e d by the manner i n which t h e program i s 

s t o r e d on d i s c by t h e CBM microcomputer. A l l d a t a b y t e s 

a r e s t i l l s t o r e d and s e n t as A S C I I c h a r a c t e r s but the 

d e c o d i n g i s no l o n g e r t r i v i a l due to the f a c t t h a t B a s i c 

commands ( e . g . END, FOR, NEXT, DATA, INPUT# e t c . ) a r e 

s t o r e d as s i n g l e b y t e s c a l l e d TOKENS. The tokens c a n 

be r e c o g n i z e d i m m e d i a t e l y as the v a l u e of the byte con­

t a i n i n g t h e t o k e n i s n e g a t i v e ( b i t 8 i s s e t to 1 ) . Once 

b i t 8 h a s been r e s e t to 0 the tok e n b y t e s t h e n have v a l u e s 

from 0 t o 74 and th e y have a one to one c o r r e s p o n d e n c e 

w i t h t h e B a s i c commands. F o r example: 

0 = END 

1 = FOR 

and 2 = NEXT e t c e t e r a . 

H a v ing w r i t t e n a b y t e h a n d l i n g r o u t i n e to d e a l w i t h 

t h e t o k e n s t h e d e c o d i n g o f the PET program f i l e can proceed 

b y t e by b y t e as i t i s p a s s e d from PET d i s c d r i v e to MINC 
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m i n i c o m p u t e r v i a the GPIB. The PET B a s i c l i n e c o n s i s t s 
o f : 

( i ) 2 b y t e s c o n t a i n i n g memory I d e a t i o n i n f o r m a t i o n 

f o r t h e CBM microcomputer, 

( i i ) 2 b y t e s c o n t a i n i n g the B a s i c l i n e number 

( i i i ) A s t r i n g of s i n g l e b y t e s c o n t a i n i n g the B a s i c 

l i n e (+ TOKENS). 

( i v ) A n u l l b y t e a t the end of the l i n e . 

The end of f i l e c o n d i t i o n i s d e s i g n a t e d by t h r e e 

c o n s e c u t i v e n u l l b y t e s . 
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c 
c 
c 
r 
C 
c 
c 
50 

200 

:50 

300 

400 

500 

C 
c 
C: 
1000 
aooi 
1002 
1003 
1004 
1005 
1006 
1007 
1006 

THIS PROGRAM ENABLES YOU TO: 
1> LOOK AT PROGRAM AND SEQUENTIAL F i L E J 

ON PET DISK 
2) TRANSFER SEQUENTIAL (DATA) F I L E S FROf-

MINC TO PET 
3) TRANSFER SEQUEN-lAi, F I L E S FROM F E " 

rO nlNC 

I F 
I F 
I F 
I F 
I F 

'L' ) 
' C ) 
•D' ) 
'Q' ) 

0') GOTO 250 

TYPE 1000 
ACCEPT lOOi , U , 

( U . EG. ' H' ) 
( U . EG. 
( n.EQ. 
<U.EQ. 
(11.EQ. 

GOTO 50(. 
I F (14.EQ, 
NChAR=: 
CALL SEQ(NCHAR) 
GOTO 50 
NCHAR=0 
CALL SEO(NCMAR^ 
GOTO 50 
I F (12.EQ. 
I F (12.EQ. 
GOTO 5C 
NCHAR=2 
CALL SEQiNCHAR 
GOTO 50 
TYPE 1007 
TYPE 1002 
TYPE 1003 
TYPE 1004 
TYPE 1005 
TYPE 1006 
TYPE looe 
GOTO 50 

FORnAT STATEMENTS 

12,13.1-
GOTO 500 
GOTO 400 
GOTO 300 
GOTO 200 
CALL E X I T 

'h- > CALL SFTRAN 
CALL PETCDP 

D I R l 
L I S T 

FORMAT(Ih ,/, 
FORMAT(4A1• 
FORMAT('ODIRO 
FORMAT( 
FORMAT( 

C ON PET DISK- .• 
FORMAT( 
FORMAT( 
FORMAT( 
FORMAT( 
END 

OOPTION? (H FOR HELP), 

DIRECTORY OF PET DISK 0' ) 
DIRECTORY OF PET DISH 1' : 
L I S T S SEQUENTIAL OR PROGRAM F i L t 

COPIES SEQUENTIAL F I L E FROM MINC TO PET') 
COPIES SEQUENTIAL F I L E FROM PET TC MINL , 

OTHE OPTIONS ARE AS FOLLOWS:') 
QUIT - TO LEAVE PROGRAM'/ 

CM2P 
CP2M 
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SU&ROUTINE S E Q < N C H A R 
C FORTRAN FROG . TO LOOK AT FET 6050 DISK 
C AND DECODE DIRECTORIES 
C 

B Y T E LADDR(3» .TADLftOi .DDi8.7^.; .f ILNAMdu) . RrlESS i 1 i 
BtTE D A T A ( 1 0 , 
OCUBLE PRECISION T K i 7 ? j 
COMMON Ti: 
EQUIVALENCE (TK.DD) 
DATA TK/'END' .'FDR' . 'NEXT' . 'DATA' .' INFUT«' .'INPUT' . Din 
1 .'READ' .'LET' .'GOTO' .'RUN . ' I F ' .'RESTORE' . GuSUE' 
2 ,'RETURN' .'REM' .'STOP' . ON' .'•JAIT' . LOAD' .'SAVE' 
3 .'VERIFY- ,'DEF' .'POKE' .'PRINT"' .'PRINT' .'CONT . L I S T 
4 . 'CLR' .'CMD' . 'SVS' .'OPEN' . 'CLOSE' . 'GET' .' .-̂ JE'W .'TA&( ' 

.'TO- .-FN- .'SPC,'.'THEN- .'NOT' ,'STEC-' ,-•.•-',-« . ' 
6 ,' " .'AND' .'OR' ,'>','='.'< ' .-'SGN' .' INT' . ABS' .'USR' 
7 , ' F R E ' .'POS- .'5QR' .'RND- .'LOG' ,'EXP' .'COS' . S I N - .'TAN-
a . ATN' . ' P E E K ' .'LEN' . ' S T R « ' .'VAL' .'ASC . CHR»' 
5 .'LEFT*' .-RIGHT*' .'MID* 
DO 10 J l = 1 . 7 5 
DD<e.Jl )=Ci 

10 CONTINUE 
LADDR(1)-b 
TADDR(1)=6 
LADDR(3)=0 
TADDR(3)=0 
CALL I&TERM(. 
CALL I B S T E R ( l . O ) 
CALL IBTIflOOOO.-
CALL IBREN 
I F (NCHAR.CT,1> GOTO 
FILNAn(l)='«' 
I F (NCHAR.EQ.l) GOTO 4(.-
FILNAM(2)='0' 
GOTO 4! 

40 FILNAri(2)«'1 • 
45 NCHAR=: 

ZDTO 70 
50 TYPE 1000 

ACCEPT IOO5.;FTYF-E 
I F ( I F T Y P E . E G . ' O > GOTO 500C 
I F (IFTYPE.EQ.'S') GOTO 500 
TYPE 1001 
ACCEPT 1002.NCHAR,FILNAn 

70 LADDR(2)=240 
CALL IBSEDIIFILNAfl.NCHAR.LADDR) 
CALL IBUNL 
TADDR(2)«96 
NUM=IBRECV(RnESS.132.TADDR> 
ENCODE (2.99,1 DAT) RI1ESS(5) .Rt>1ESS(6) 

99 FORMAT(2Al! 
TYPE 1004 .1 DAT 
1=7 
GO TO 130 

100 NUM=lBRECV(KhESS.122:' 
; * i 

120 DO 125.J1=132.11.-; 
RnESS ( J l ) =RI1ESS ( J l -10) 

125 CONTINUE 
DO 126. J l = l ,10 
RriESS( J l J = D A T A ( J 1 ' 

126 CONTINUE 
126 Nuni=Nur: 
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SOTO 131 
130 NUM1=NUM-10 
131 DO 132.11=1,10 
132 DATA<ll)=RMESS(NUMl*ll) 
140 i F ( R M E S S ( I ) ) 4000,2000.150 
150 I F ( R M E S S ( i J . L 7 . - 4 0 ) 0 0 TO 201 
160 TYPE 1003.RMESS(! ) 
200 1=1+1 

iFd.LE.NUMDGO TO 140 
IFSNUMI.EQ.122)G0 TO 100 
I F (I.GE.(NUMl+11)) GOTO 300 
GOTO 140 

300 CALL IBUNT 
LADDR(2>'=224 
CALL IBSEND( " .0,LADDR) 
CALL IBUNL 
I F iFILNAM(l).EG.'»') GO TO 5000 
GO TO 50 

500 TYPE 1007 
ACCEPT 1005.IFTYPE 
I F ( I F T Y P E . E Q . ' Y ' J CALL SEuNEW 
I F ( IFTYPL.EQ.'Y' > GOTO 50 
TYPE 1006 
ACCEPT 1002.NCHAR.FILNAK 
FILNAM(NCHAft+l) = ' . 
FILNAM (NCHAR+2.» = ' S ' 
FILNAM(NCHAR+3) = ' . ' 
FILNAM(NChAR+4)='R 
NChAR=NCHAR+4 
LADDR(2)=242 
:ALL IBSEOI(FILNAM.NCHAR.LADDR) 
CALL 1BUN_ 
TADDRi2)=96 

600 NUM=IBRECV(RMESS.132.TADDR) 
> 1 

640 I F ( R M E S S ( I ) ) 700.700.650 
650 : F ( R M E S S i I ) . L T . " 4 0 ) 0 0 TO 'OO 
660 TYPE 1003.RMESS(1< 
,'00 I ^ U l 

I F ( I . LE. NUM)GO TO 6-*0 
:F(NUM.EQ.132) GO TO cOO 
CALL IBUNT 
LADDR(2)=22e> 
CALL 1BSEND( ' ,0.LADDR 
CALL IBUNL 
GO TO 50 

600 GOTO 7<:»0 
1000 FORMATdH . / / , ' O F I L E TYPE 5 OR P 'OR Q TO i 5 U l T ) . . . .ti 
1001 FORMATCOLOAD F I L E OR MESSAGE... '.». 
1002 F ORMAT(Q.20A1) 
1003 FORMAT( ' '.Al.») 
1004 FORMAT ( I H . / , I 7 , ' ',») 
1005 FORMAT (Ai:' 
1006 FORMAT('OFILE NAME. ..'.») 
1007 FORMATCOHAS SEQ. F I L E BEEN 

C COPIED FROM MINC F I L E ? (Y OR N ) ' . « ) 
C 
C NULL BYTE HERE '!! 
C 
20100 I F vRM£SS(I+l).EQ.O.AND.RMESS(I*2).Ea.O) GO TO 3M0 

ENCODE(2.99.1 DAT) RMESb(I+3^ .RMES5!i+4. 
TYPE 1004.1 DAT 

2010 l = Ii-'» 
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IF (NUni.LT,122) GOTO 200 
I F ( (]+l).CT.NUMl> GOTO 2025 

2020 GO TO 200 
2025 I1=I-NUM1+1 

> I 1 
MUn=IBRECy<MnESS ,122 .1 
GOTO 120 

C 
C B I T EIGHT SET MERE ' 
C 
4000 RMESSiI)=(RMESS(I).AND. "177)*1 

CALL TOKEN(RMESS<1). 
GO TO 200 

5000 RETURN 
9999 END 
C 
c 
C THIS WILL DECODE BASIC TOKENS 
C 
c 

SUBROUTINE TOKEN!I) 
BYTE I.DD(6.7 5) 
DOUBLE PRECISION T K ( 7 5 ) 
COMMON TK 
EQUIVALENCE (TK.DD) 

C 
C 

CALL T R I M ( T K ( I ) ) 
K = L E N ( T K ( I K -
DO 100 L=l.K 
TYPE 1000.DD(L.I. 

100 CONTINUE 
1000 FORMAT!' - ,A1 . s ; 

RETURN 
END 
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SUBROUTINE SrONEW 
C LISTS SEQUENTIAL FILES COFIEI 
C TROn MINC TO PET 
C 

SYTE LADDRO) .TADDRO) .FILNAi1(20) .RME5S(152j .J 
LADDRil)=fc. 
TADDRi1)=6 
LADr'R(3j=C 
TADDR(3)=0 
CALL 1BTERM(; 
CALL IBSTERil.O) 
CALL IETI MO(300^ 
CALL IBREN 

510 TYRE lOOfc 
ACCEPT 1002.NCHAR.FILNAM 
FILNAn(NCHAR+l)='.' 
FILNAM(NCHAft+2)='S 
FILNAn(NCHAR+3J='.' 
FILNAM(NCHAR+4)='R' 
NCHAR=NCHAR+<; 
LADDR(2)=242 
CALL IBSEOI< FILNAM.NCHAR . LADDR) 
CALL IBUNL 
TADDR<2>=9e 

600 iNUM= IBRECV i RflESS . 132 . TADDR) 
1-=1 

O40 ;F (RMESSdi) 700.700,650 
650 I F <RMESS(I).EQ."IS) GOTO 3000 

iF (Ht1ESE( I ) . LT. '40)20 TO 700 
660 TYPE 1003.RMES&(1; 
700 1=1*1 

IF(I.LE.NUM)GO TO 640 
:r(Nun.EQ.i32) GO TO OOO 
CALL I BUNT 
LADDR(2)'226 
CALL I BSENti < • • , 0 . LADDR / 
CALL IBUNL 
GO TO 5000 

300 GOTO 700 
1000 FORMATdH .//,'OFILE TYPE S OR P (OR Q TC QUIT)... '.t) 
1001 FORMAT('OLOAD FILE OR hESbAGE... .» 
1002 FORMAT(a.20Al) 
1003 FORMAT( ' ' ,A1 .»; 
1004 FORMAT (IH . / , I 7 , ' '.») 
1005 FORMAT (Al) 
1006 FORMAT('OFILE NAME...'.») 
1007 FORMATdh,/,A1 
C 
C CARRIAGE RETURN HERE ' 
C 
3000 I F <(i+l;.GT.NUM/ GOTO 3lOO 

1 = 1 + 1 
TYPE 1007 . RMESS( I 
GOTO 700 

3100 IF (NUM.LT.132) GOTO 700 
I=I+1-NUM 
NUM=IBRECV < RME3S.132; 
TYPE 1007 .RMESS(I) 
GOTO 7 00 

5000 RETURN 
9999 END 
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SUBROUTINE SFTRAN 
C 
C THIS PROGRAM TRANSFERS A SEQUENTIAL FI L E 
C FROM MINC DISK i TD PET DISK 1 
C 

BYTE LADDRO) .FILNAM i 20 J .ftnE3Eil3Ii .CLi2.i .NAMDF IL•; 20 
DATA CL / 
LADDR(l)-a 
LADDR(5)=C. 
CALL IBTERIK J 
CALL 1BSTER (1 ,0 .• 
CALL IBTIMO(150) 
CALL IBREN 
GOTO 50 

40 TYPE 1004 
ACCEPT 1003. IFTYPE 
IF (IFTYPE.EQ.'N' ) GOTO 6000 

C 
C TYPE NAME OF NE^i SEQUENTIAL FI L E TO BE 
C CREATED ON PET DISK 
C 
50 TYPE lOOC 
60 ACCEPT 1002.NCHAR,FILNAM 

FILNAM(NCHAR+1)='.• 
FILNAM(NCHAR+2)='S' 
FILNAM(NCHAR+3)='.' 
FILNAM(NCHAR+4)='W' 
NCHAR = NCHAR4-4 
D070. 11=20.3,-1 
FILNAMCIl)=FILNAM(Il-2/ 

70 CONTINUE 
FILNAMd)^' 1-
FILNAM(2)='!' 
NCHAR=NCHAR-f2 

C 
C TYPE IN NAME OF FIL E TO BE COPIED 
C (E.G. TEST.DAT 
C 

TYPE 1001 
ACCEPT 1002,MCHAR.NAMOFIL 
DO 75.Jl=20,5.-i 
NAM0FIL(J1J=NAMOFIL(J1-4J 

7 5 CONTINUE 
NAM0FIL(1>='D' 
NAMDFIL»2;='V' 
NAM0FIL(3)='1' 
NAM0F1L\4) = ' : • 
nChAR=MCHAR*4 
LADDR(2>=242 

C 
C CREATE NEW FILE ON PET AIND OPEN EXISTING 
C FILE ON MINC 
C 

CALL IBSEDI(FILNAM.NCHAR.LADDR) 
CALL IBUNL 
LADDR(2)*9e 

aO OPEN (UN IT = 3 . NAME=NAMOF IL . TYPE = ' OLD' . READONLY . ERR =̂  4(.iOO i 
DO 100, Il«l ,10000 
DO 90. 12=1.132 
RMESS(12)=0 

90 CONTINUE 
C 
C READ DATA FROM FI L E 
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c 
READ(3.1008,END=150.ERR=3000) LCHAR,RMESS 

91 I F (LCHAR.E&.132) GOTO 95 
RMESS(LCHAR*1)= " I S 
LCHAR=LCHAR+1 

95 CALL IBSEND(ftMESS.LCHAR.LADDR) 
100 CONTINUE 
C 
C CLOSE BOTH niNC AND PET F I L E S 
C 
150 CLOSE (UNIT=3.ERR=5000) 

CALL IBSEND < RMESS.LCHAR.LADDR. 
CALL IBSEQI<CL.2,LADDR) 
CALL IBUNL 
LADDR(2)=226 
CALL I B S E N D C .O.LADDR) 
CALL IBUNL 
GOTO 40 

C 
C FORMAT STATEMENTS 
C 
1000 FORMAT('OTYPE NAME OF SEQUENTIAL F I L E TO BE CREATED ON 

C PET DISK 1 ' .») 
1002 FORMAT(Q.20A1) 
1001 FORMATCOTYPE NAME OF THE SEQUENTIAL F I L E TO BE COPIED 

C FROM MINC DISK 1 ' .») 
1003 FORMAT ( A D 
1004 FORMATCODO YOU *I1SH TO COPY MORE F I L E S ONTO PET DISK? 

:NING F I L E - TRY AGA.N' 1 0 0 5 
C (Y OR N) . . . . ' .» ' 

FORMAT('OERROR OCCURED I N 

1 0 0 6 
C (Y OR N) 

FORMAT('OERROR OCCURED IN 

1007 
c ( Y OR N. . . . .• .» 

FORMAT('OERROR DCCURED IN 
c ( Y OR N; 

. !»DING F I L E - TRY AGAIN: 

iOOa F0RMAT(Q.132A1) 
1 0 0 9 F ORMATCOTYPE D I F F E R E N T SEQUENTIAL F I L E NAME ?:• iZ 

C CREATED ON P E T D I S K ' .«) 
C 
C ERROR I N READING MINC F I L E 
C 
3 0 0 0 T Y P E 1 0 0 7 

ACCEPT 1 0 0 3 . I F T Y P E 
I F ( I F T Y P E . E Q . ' Y ' ) GOTO 5 5 0 0 
GOTO oOOC 

C 
C ERROR I N OPENING MINC F I L E 
C 
4 0 0 0 TYPE 1 005 

ACCEPT 1 0 0 3 . I F T Y P E 
I F ( I F T Y P E . E Q . ' Y ' ) GOTO 8 0 
GOTO 6 0 0 0 

C 
C ERROR I N CLOSING MINC F I L E 
C 
5 0 0 0 T Y P E 1 0 0 6 

ACCEPT 1 0 0 3 . I F T Y P E 
I F ( I F T Y P E . E Q . ' Y ' > GOTO 1 5 0 
GOTO 6 0 0 ( 

C 
C ERROR I N READING F I L E CAUSES F I L E 
C TO B E READ FROM START (NEU F E T F I L E NAME NEEDED. 
C 

5500 C L O S E ( U N I T = 3 . 
TYPE 1 0 0 9 
GOTO 60 

6 0 0 0 RETURN 
END 
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SUBROUTINE PETCOP 
C 
C T h i s PROGRAM TRANSFERS A SEQUENTIAL F I L E 
C FROM PET DISK TO MINC DISK 1 
C 

BYTE LADDRO) .TADDR(3/ .f ILNr^M<20.> .RME5SO:.2.' 
BYTE NAMDF1L(20,' 
L0GICAL«1 ERR 
TADDR(l)=e 
TADDR(3)=0 
LADDR<l>=e 
LADDR(3)=0 
CALL IBTERMC15) 
CALL IBSTER(l.O) 
CALL IBTIMOdSO) 
CALL IBREN 
GOTO 50 

40 TYPE 1004 
ACCEPT 1003. IFTYPE 
:F (IFTVPE.EQ.'N') GOTO 6000 

c 
c TYPE NAME OF SEQUENTIAL F I L E TO BE 
C COPIED FROM P£T DISK 
C 
50 TYPE 1000 
60 ACCEPT 1002.NCHAR.FILNAM 

FILNAh(NCHAR+l)=',• 
FILNAM(NCHAR+2)='S' 
FILNAM(NCHAR+3) = ' . ' 
FILNAM(NCHAR+4 > ='R' 
NCHAR=NCHAR+4 

C 
C TYPE IN NAME OF F I L E TO BE CREATED 
C ON MINC DISK (E.G. TEST.DAT ; 
C 

TYPE 1001 
ACCEPT i002.MCHAR.NAMOFIL 
DO 75.J1=20,5,-1 
NAMOFIL(Jl)=NArOFIL(Jl-4) 

7 5 CONTINUE 
NAMOFILd)= D' 
NAMOF1H 2 ) = 'Y ' 
NAMOFIL(3)='1' 
NAMOF1L(4 >«':' 
MCHAR=MChAR+4 
LADDR(2)=242 

C 
C CREATE NEW F I L E ON MINC AND OPEN EXISTING 
C F I L E ON PET 
C 

CALL IBSEOI(FILNAM.NCHAR.LADDR) 
CALL IBUNL 
TADDR(2)=9e 

BO OPEN < UNIT = 3,NAME = NAMDFIL.ERR = 4000) 
DO 100. 11=1,10000 
DO 90. 12=1,132 
RMESS(I2)=0 

90 CONTINUE 
C 
C READ DATA FROM F I L E 
C NUM=IBRECV(RMESS.132.TADDR) 

I F (NUM.EG.0; GOTO 120 
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RMESS(NUM*1)=-15 
CALL PUTSTR(3.RMESS,0.ERR; 

95 A=l 
100 CONTINUE 
C 
C CLOSE BOTH MINC AND PET FILES 
C 
120 I F (A.EQ.O) GOTO 150 

A = 0 
GOTO 100 

150 CLOSE (UNIT=3.ERR=5000> 
TYPE 1009 
CALL I BUNT 
LADDR(2)=226 
CALL IBSENDC',0.LADDR; 
CALL IBUNL 
GOTO 40 

C 
C FORMAT STATEMENTS 
C 
1000 FORMAT('OTYPE NAME OF SEQUENTIAL FILE TO BE COPIED FROM 

C PET DISK ' .») 
1002 FORMAT(Q.20A1) 
1001 FORMATCOTYPE NAME OF THE DATA FILE TO BE CREATEI 

C ON MINC DISK 1 ' .*) 
1003 FORMAT<A1) 
1004 FORMATCODO YOU WISH TO COPY MORE FILES ONTO MINC DISK' 
1005 

C (Y OR N) 
FORMAT('OERROR OCCURED IN OPENING 

1006 
C (Y OR N) 

FORMAT(•OERROR OCCURED IN CLOSING 

1007 
C < Y OR N) 

FORMAT('OERROR OCCURED IN WRITING 
c (Y OR N) 

1009 FORMAT(OTHE TIME-OUT ERROR HERE SHOWS THAT ALL 
C DATA HAS BEEN RECEIVED') 

C 
C ERROR IN WRITING MINC F I L E 
C 
3000 TYPE 1007 

ACCEPT 1003.IFTYPE 
IF (IFTYPE. EQ. Y .! GOTO 5500 
GOTO 6000 C 

C 
c 
4000 TYPE 1005 

ERROR IN OPENING MINC FI L E 

ACCEPT 1003, IFTYPE 
IF (IFTYPE.EQ. Y') GOTO 60 
GOTO 6000 

C 
C ERROR IN CLOSING MINC F I L E 
C 
5000 TYPE 1006 

ACCEPT 1003.IFTYPE 
IF (IFTYPE.EQ.'Y') GOTO 150 
GOTO 6000 

C 
C ERROR IN WRITING FI L E CAUSES FI L E 
C TO BE REWRITTEN FROM START 
C 
5500 CL0SE(UNIT=3; 

GOTO 50 

6000 RETURN 
END 
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APPENDIX D 
TABLE OF RESULTS 

This apperwdix contains a conpilation of most of the data obtaineci 
by the Durham research team and British Gas staff at both OLIC and 
ERS during the extensive investigations into the properties of pipe 
steels described above. 
Steel 
code 

Steel 
type 1 

^o 

Widger 
1 

-H 

polynonial coefficients 

2̂ 2̂ 0̂ ^1 
DFB FK 0.333 0.931 0.111 0.220 0.058 0.285 0.819 2.196 
DFF FK 0.320 0.943 0.185 0.226 0.109 0.333 1.244 2.567 
DFE FK 0.311 0.934 0.094 0.221 0.067 0.289 1.020 2.188 
EEC CR 0.332 0.935 0.087 0.221 0.036 0.304 1.018 2.209 
DME SK 0.333 0.938 0.299 0.223 0.156 0.374 1.541 3.171 
EEB FK 0.247 0.961 0.006 0.233 0.001 0.307 1.207 2.545 
OLI-030 USA SK 0.347 0.934 0.159 0.221 0.095 0.310 1.042 2.204 
OLI-015 FK 0.402 0.944 0.344 0.226 0.161 0.393 1.258 2.732 
OLI-010 FK 0.381 0.934 0.352 0.221 0.173 0.400 1.435 3.004 
EED CR 0.351 0.926 0.177 0.217 0.082 0.354 1.121 2.447 
DHP SK 0.273 0.934 0.180 0.221 0.122 0.315 1.029 2.367 
OLI-013 FK 0.362 0.962 0.219 0.234 0.086 0.389 1.207 2.597 
DWA FK 0.362 0.945 0.242 0.226 0.116 0.348 1.181 2.521 
DHQ USA SK 0.367 0.927 0,143 0.218 0.087 0.311 0.932 2.014 
2401 SK 0.246 0.956 0.173 0.232 0.104 0.357 1.839 3.607 
EEE CR 0.273 0.957 0.000 0.231 0.010 0.277 1.354 2.832 
OLI-017 CR 0.354 0.935 0.151 0.221 0.063 0.342 1.067 2.323 
DFD FK 0.283 0.957 0.008 0.231 0.003 0.296 1.038 2.247 
DLR SK 0.296 0.933 0.339 0.221 0.198 0.376 2.042 3.995 
OLI-012 FK 0.385 0.946 0.314 0.227 0.144 0.401 1.325 2.800 
EAO CR - - - - - - - -
DEQ FK - - - - - - - -
DEZ FK - - - - - - - -
EER SK - - - - - - - -
OLI-009 FK - - - - - - - -
OLI-011 CR - - - - - - - -
Sample A HT - - - - - - - -
Sample B HT - - - - - - - -
Sample C HT - - - - - - - -
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Steel Continued Full loop harmonic amplitudes 
code -h -̂ 2 1st odd 3rd odd 5th odd 7th odd 1st even 

{ - ) 
3rd even 

( - ) 
DFB 0.215 0.445 1.941 0.407 0.173 0.069 0.293 0.205 
DFF 0.0A9 0.097 1.892 0.413 0.185 0.078 0.290 0.212 
DFE 0.051 0.105 2.001 0.443 0.197 0.081 0.311 0.228 
EEC 0.046 0.095 2.000 0.440 0.197 0.085 0.286 0.210 
DME 0.061 0.121 2.014 0.479 0.226 0.106 0.269 0.206 
EEB 0.056 0.113 2.000 0.460 0.216 0.103 0.250 0.186 
OLI-030 0.043 0.086 1.932 0.414 0.179 0.069 0.297 0.212 
OLI-015 0.085 0.175 1.988 0.455 0.202 0.082 0.313 0.241 
OLI-010 0.058 0.117 2.028 0.483 0.226 0.104 0.281 0.218 
EED 0.053 0.111 2.005 0.435 0.188 0.074 0.305 0.222 
DHP 0.123 0.253 1.981 0.456 0.217 0.108 0.217 0.156 
OLI-013 0.058 0.120 1.999 0.456 0.198 0.075 0.335 0.258 
DWA 0.058 0.118 1.972 0.440 0.189 0.073 0.325 0.243 
DHQ 0.041 0.084 1.917 0.395 0.162 0.053 0.328 0.234 
2401 0.058 0.108 2.021 0.496 0.248 0.131 0.207 0.157 
F.F.F 0.082 0.165 2.028 0.465 0.216 0.101 0.275 0.206 
OLI-017 0.049 0.102 1.977 0.420 0.174 0.061 0.331 0.242 
DFD 0.052 0.107 1.962 0.423 0.184 0.074 0.307 0.223 
DLR 0.066 0.123 2.020 0.497 0.247 0.130 0.211 0.161 
OLI-012 0.055 0.112 2.005 0.468 0.211 0.088 0.305 0.236 
EAO - - 2.003 0.441 0.190 0.075 0.296 0.223 
DEQ - - 2.051 0.490 0.220 0.092 0.304 0.244 
DEZ - - - - - - - -

EER - - 1.996 0.467 0.226 0.114 0.215 0.156 
OLI-009 - - 1.984 0.451 0.205 0.089 0.279 0.210 
OLI-011 - - 2.003 0.438 0.193 0.082 0.283 0.209 
Sample A - - - - - - -

Sample B - - - - - - -

Sample C - - - - - - -
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Steel 
code 

continued 
5th even 7th even 

(-) (-) 

KneppcB para­
meters 

LnA kLnA 

Coercive 
f i e l d 

(kAm~^) 

B^(T) 
at 

25kAm~̂  

I n i t i a l 
perme 
ab i l i t y 
(T/kAm"-*-) 

UTS 
(MNm~̂  

DFB 0.148 0.110 0.714 0.663 0.492 2.028 0.278 551 
DFF 0.161 0.126 0.649 0.664 0.490 2.008 0.303 540 
DFE 0.174 0.133 0.712 0.661 0.502 2.014 0.270 558 
EEC 0.157 0.125 0.739 0.686 0.460 2.028 0.230 586 
DME 0.161 0.128 0.536 0.664 0.377 2.035 0.299 484 
EEB 0.142 0.115 0.614 0.655 0.404 2.021 0.260 548 
OLI-030 0.158 0.118 0.746 0.674 0.512 2.019 0.230 545 
OLI-015 0.187 0.147 0.697 0.713 0.516 2.025 0.250 524 
OLI-010 0.171 0.137 0.611 0.693 0.456 2.042 0.244 507 
EED 0.166 0.127 0.722 0.710 0.512 2.042 0.230 576 
DHP 0.118 0.093 0.520 0.629 0.334 2.035 0.313 490 
OLI-013 0.200 0.154 0.734 0.721 0.538 2.028 0.204 530 
DWA 0.184 0.140 0.689 0.688 0.510 2.008 0.250 548 
DHQ 0.172 0.128 0.829 0.688 0.577 2.014 0.211 556 
2401 0.123 0.100 0.462 0.635 0.321 2.031 0.377 462 
EEE 0.160 0.128 0.677 0.694 0.495 2.028 0.256 577 
OLI-017 0.180 0.136 0.765 0.713 0.479 2.035 0.200 581 
DFD 0.167 0.128 0.707 0.672 0.507 2.035 0.270 541 
DLR 0.127 0.102 0.417 0.630 0.281 2.035 0.364 458 
OLI-012 0.184 0.145 0.672 0.706 0.509 2.028 0.220 507 
EAO 0.169 0.131 0.848 0.747 0.510 2.063 _ 592 
DEQ 0.192 0.149 0.841 0.789 0.500 2.049 466 
DEZ - - 0.608 0.666 0.379 2.0̂ 9 538 
EER 0.120 0.094 0.551 0.643 0.336 2.042 476 
OLI-009 0.161 0.126 0.705 0.705 0.465 2.035 520 
OLI-011 0.155 0.120 0.718 0.708 0.467 2.049 _ 576 
Sample A - - 0.309 0.597 0.240 - — 

Sample B - - 1.065 0.591 0.770 - -

Sample C - - 2.567 0.664 2.020 - -
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Steel YS Steel chemical conposition 
Code (MNm"̂ ) % C % Mn 7o Si % S % P 7o Al % V % Nb 7o Ni 
DFB 385 0.19 1.20 0.26 0.013 0.011 0.049 - - -
DFF 381 0.19 1.22 0.22 0.013 0.007 0.017 0.007 - — 

DFE 404 0.19 1.25 0.23 0.011 0.009 0.044 0.005 - -
EEC 462 0.14 1.45 0.35 0.010 0.014 0.044 0.015 0.042 0.018 
DME 368 0.15 1.00 0.03 0.025 0.022 0.006 - 0.013 0.017 
EEB 458 0.12 1.28 0.31 0.012 0.017 0.027 - - 0.011 
OLI-030 404 0.24 0.82 0.06 0.020 0.011 0.005 - - 0.047 
OLI-015 399 0.16 1.08 0.29 0.023 0.008 0.020 0.006 0.018 0.015 
OLI-010 384 0.16 1.07 0.29 0.020 0.008 0.022 - 0.015 0.015 
EED 479 0.12 1.38 0.34 0.012 0.012 0.020 0.006 0.031 0.014 
DHP 397 0.14 0.80 0.07 0.031 0.037 - - - 0.052 
OLI-013 388 0.17 1.24 0.23 0.019 0.007 0.030 0.010 0.022 0.020 
DWA 412 0.18 1.04 0.29 0.018 0.014 0.048 0.006 0.020 0.015 
DHQ 406 0.21 0.98 0.09 0.024 0.013 0.007 0.006 - 0.060 
2401 371 0.15 0.70 0.07 0.020 0.018 0.005 - - 0.034 
EEE 447 0.13 1.37 0.33 0.008 0.011 0.043 - 0.029 0.012 
OLI-017 464 0.14 1.43 0.34 0.012 0.013 0.045 0.013 0.036 0.017 
DFD 378 0.19 1.22 0.26 0.012 0.008 0.050 0.007 - -
DLR 369 0.15 0.68 0.06 0.027 0.022 - - - 0.015 
OLI-012 385 0.16 1.16 0.21 0.018 0.009 0.034 0.008 0.021 0.018 
EAO 482 - - - - - - - — -
DEQ 311 - - - - - - - - -
DEZ 423 - - - - - - — — — 

EER 370 - - - - - - — — — 

OLI-009 386 - - - - - - — — — 

OLI-011 478 - - - - - - - — -
Sample A - - - - - - - - - -
Sample B - - - - - - - - - -
Sample C - - - - - - - - - -
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Steel 
code 

7o Cu 
continued 
% Co 7o Cr % Mo 

Vickers 
Hardness 

B 
r 
(T) 

Ĵ max 
(Tm/kA) 

H at 
^̂ max. 
(kAm"^) 

DFB 0.010 - - 0.007 169 0.97 1.01 0.69 
DFF 0.011 - - 0.008 162 1.07 1.16 0.67 
DFE 0.010 - - 0.007 176 1.13 1.04 0.71 
EEC 0.023 0.010 0.018 0.010 198 1.06 1.04. 0.73 
DME 0.017 0.011 0.006 0.008 140 1.10 1.38 0.58 
EEB 0.016 0.009 0.020 0.007 184 1.02 1.19 0.61 
OLI-030 0.132 0.026 0.015 0.011 172 1.02 1.01 0.76 
OLI-015 0.013 0.010 0.008 0.088 161 1.16 1.17 0.75 
OLI-010 0.012 0.010 0.007 0.007 151 1.15 1.27 0.66 
EED 0.015 0.010 0.020 0.008 185 1.07 1.11 0.73 
DHP 0.059 0.012 0.036 0.014 148 0.91 1.38 0.48 
OLI-013 0.024 0.011 0.006 0.009 173 1.21 1.13 0.76 
DWA 0.021 0.009 0.012 0.009 169 1.14 1.12 0.72 
DHQ 0.079 0.029 - 0.008 200 1.09 0.93 0.84 
2401 0.042 0.011 0.010 0.010 150 0.98 1.56 0.46 
EEE 0.018 0.009 0.013 0.007 189 1.11 1.14 0.68 
OLI-017 0.021 0.010 0.017 0.009 180 1.11 1.06 0.77 
DFD 0.010 - - 0.008 174 1.09 1.07 0.69 
DLR 0.021 0.009 0.006 0.009 - 0.99 1.64 0.43 
OLI-012 0.015 0.011 0.020 0.008 174 0.94 1.19 0.73 
EAO - - - - 179 1.07 1.00 0.85 
DEQ - - - - 140 1.18 1.09 0.90 
DEZ - - - - 164 0.98 1.23 0.62 
EER - - - - 168 0.91 1.30 0.55 
OLI-009 - - - - 170 1.06 1.14 0.74 
OLI-011 - - - - 188 1.04 1.13 0.73 
Sample A - - - - 125 - - -
Sample B - - - - 210 - - -
Sample C - - - - 432 - - -
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Steel 
code 

Percentage 
pearlite 
content 

Mean 
f e r r i t e 
diameter 

(fim) 

Mean 
pearlite 
diameter 

(̂ im) 
DFB 21.9 8.91 7.66 
DFF 22.4 11.25 8.75 
DFE 20.4 13.13 8.44 
EEC 21.9 10.47 8.75 
DME 18.0 14.38 6.88 
EEB 18.2 12.03 6.56 
OLI-030 30.5 17.19 10.94 
OLI-015 18.7 10.00 5.47 
OLI-010 17.0 11.09 5.94 
EED 19.8 10.94 8.75 
DHP 16.6 24.84 10.16 
OLI-013 22.4 9.84 5.31 
DWA 23.0 10.47 8.44 
DHQ 33.0 13.59 8.91 
2401 16.0 21.88 7.81 
EEE 17.6 9.06 4.84 
OLI-017 18.5 8.59 6.72 
DFD 20.5 10.31 5.63 
DLR 12.1 27.34 8.75 
OLI-012 17.5 10.63 6.41 
EAO - - -
DEQ - - -
DEZ - - -
EER - - -
OLI-009 - - -
OLI-011 - - -
Sample A - — -
Sample B - — -
Sanple C - - -
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APPENDIX E 

D e s c r i p t i o n of Location and L i s t i n g of 

Machine-Code S e r i a l P o l l Routine 

E.l The PET microcomputer and the IEEE-488 instrument bus 

The IEEE 488-1978" standard defines a b i t - p a r a l l e l 
b y t e - s e r i a l bus s t r u c t u r e designed to allow communications 
between i n t e l l i g e n t devices. The standard defines a l l 
voltage and cur r e n t l e v e l s , p i nouts, connector s p e c i f i c a t i o n s , 
t i m i n g and handshake requirements (see IEEE Standard 
D i g i t a l I n t e r f a c e f o r Programmable Instrumentation ). 
I t should, t h e r e f o r e , be possible to connect two or 
more devices equipped w i t h a GPIB port and expect that 
they w i l l be able t o communicate on the bus. The PET 
microcomputers, however, do not have a f u l l IEEE bus 
c a p a b i l i t y as defined by the standard and t h i s makes 
communication v i a the bus more d i f f i c u l t . This Appendix 
contains an o u t l i n e to most of the concepts r e l a t e d 
to the bus s t r u c t u r e and points out some of the f a i l i n g s 
of the PET i n meeting the standard's requirements. I n 
p a r t i c u l a r , a machine-code r o u t i n e w r i t t e n to conduct 
a s e r i a l p o l l of any IEEE device, i s described. 

"IEEE Standard D i g i t a l I n t e r f a c e f o r Programmable I n s t r u ­
mentation (The I n s t i t u t e of E l e c t r i c a l and E l e c t r o n i c 
Engineers Inc., New York, N.Y., November 30th 1978), 
IEEE Std. 488-1978 (Revision of ANSl/lEEE Std. 488-1975). 

IEEE Standard D i g i t a l I n t e r f a c e f o r Programmable 
In s t r u m e n t a t i o n (The I n s t i t u t e of E l e c t r i c a l and Elec t r o n i c 
Engineers I n c . , New York, N.Y., A p r i l 4 t h , 1975), IEEE 
Std. 488-1975-ANSI MC 1.1-1975. 
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E.2 The Bus St r u c t u r e 

The basic bus s t r u c t u r e i s i l l u s t r a t e d i n Figure 
E.l and a maximum of 15 devices, of four types, can 
be connected to t h i s bus system* The four device types 
are: 

(1) The c o n t r o l l e r ( i . e . microcomputer) 
(2) Devices t h a t t a l k only (e.g. voltmeter) 
(3) Devices t h a t l i s t e n only (e.g. p r i n t e r ) 
(4) Devices t h a t t a l k or l i s t e n (e.g. EGeG 5206 

Lock-in Analyser). 
These device types have already implied the three 

o p e r a t i n g s t a t e s on the bus: c o n t r o l l e r , t a l k e r and 
l i s t e n e r . The c o n t r o l l e r coordinates communications 
on the bus by commanding the other devices connected 
to i t . I n a PET system there can only be one, the PET 
i t s e l f . Talkers can only put i n f o r m a t i o n on the bus 
and l i s t e n e r s can only accept messages th a t have been 
placed on the bus. The c o n t r o l l e r , c l e a r l y , must be 
able t o do a l l t h r e e . A non-PET system may have more 
than one c o n t r o l l e r but only one can be a c t i v e at a 
time. S i m i l a r l y , only one t a l k e r can be a c t i v e at a 
time. L i s t e n i n g , however, i s a passive a c t i v i t y so 
a l l devices t h a t can may l i s t e n a l l the time. The IEEE 
devices are given address (GPIB addresses) f o r i d e n t i f i c a t i o n 
and the c o n t r o l l e r a c t i v a t e s the appropriate device 
by p l a c i n g i t s address on the bus. Once " a l e r t e d " , 
the appropriate commands/data can be sent to i t . 
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By r e f e r r i n g to Figure E.l i t can be seen that 
the bus operates w i t h s i x t e e n l i n e s . Eight of these 
are the p a r a l l e l b i - d i r e c t i o n a l DIO l i n e s t h a t connect 
a l l instruments and the c o n t r o l l e r , which carry both 
data and commands. They form the data bus. To process 
the data flow on the data bus up t o eight c o n t r o l and 
status s i g n a l s are r e q u i r e d , which can be s p l i t i n t o 
two groups, c a l l e d " I n t e r f a c e Management Lines" and 
"Transfer Control Lines" r e s p e c t i v e l y . Not a l l of these 
l i n e s take p a r t i n every data t r a n s a c t i o n , but a l l are 
important t o the complete operation of the standard 
bus. The t r a n s f e r c o n t r o l l i n e s c o n t r o l and perform 
the handshake r e q u i r e d t o transmit a data byte. The 
others are used f o r s i n g l e - l i n e commands and status 
messages and f u n c t i o n independently from the handshake 
requirement. A b r i e f d e s c r i p t i o n of each of these l i n e s 
f o l l o w s : 
( i ) DAV (Data V a l i d ) - asserted low ( t r u e ) by a t a l k e r 
a f t e r i t places data on the DIO l i n e s . I t informs the 
l i s t e n e r t h a t the i n f o r m a t i o n on these l i n e s i s v a l i d . 
( i i ) NRFD (Not Ready f o r Data) - asserted low ( t r u e ) 
to i n d i c a t e t h a t not a l l devices are ready to receive 
data. Each instrument releases t h i s l i n e when ready. 
( i i i ) NDAC (Not Data Accepted) - asserted low (t r u e ) 
by a l l l i s t e n e r s u n t i l data byte or address i n f o r m a t i o n 
i s received, then i t i s set high. 

( i v ) ATN ( a t t e n t i o n ) - when asserted low ( t r u e ) by 
the c o n t r o l l e r i t i n d i c a t e s to the devices on the bus 
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th a t some address or command in f o r m a t i o n i s about to 
be sent to them. When ATN i s returned high, only the 
devices t h a t are addressed take p a r t i n the subsequent 
data exchange. 

(v) IFC ( I n t e r f a c e Clear) - asserted low to override 
a l l bus a c t i v i t y and r e t u r n the bus to a known " c l e a r " 
s t a t e . I t s use i s reserved f o r s i t u a t i o n s where something 
has gone wrong and any data on the bus may be l o s t when 
IFC i s p u l l e d low 
( v i ) REN (Remote Enable) - asserted low t o t r a n s f e r 
devices on the bus from l o c a l to remote c o n t r o l . The 
PET c o n t r o l l e r holds t h i s l i n e permanently to ground. 
( v i i ) SRQ (Service Request) - asserted low by any device 
on the bus to request service from the c o n t r o l l e r . 
This can be i n i t i a t e d , f o r example, by a d i g i t a l meter 
having data a v a i l a b l e , or a bus device having an i n t e r n a l 
e r r o r which has been detected. This i s not implemented 
i n PET BASIC and n e i t h e r are the s e r i a l or p a r a l l e l 
p o l l s which are normally sent by the c o n t r o l l e r to determine 
which device sent the SRQ. 
( v i i i ) EOI (End Or I d e n t i f y ) - asserted low by any 
t a l k e r i n c l u d i n g the c o n t r o l l e r to i n d i c a t e the l a s t 
byte of a m u l t i b y t e message. 

E.3 The Handshake Procedure 

The three l i n e s t h a t do the communication handshaking 
between the c o n t r o l l e r / t a l k e r and the l i s t e n e r are DAV, 
NRFD and NDAC. A s i m p l i f i e d handshake t i m i n g diagram 
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f o r these three l i n e s i s shown i n Figure E.2, and i s 
described as f o l l o w s : 
( i ) The t a l k e r may or may not have relevant data on 
the e i g h t data bus l i n e s . This does not a f f e c t the 
upcoming t r a n s f e r . 
( i i ) The t a l k e r continuously monitors the NRFD l i n e . 
Once a l l a c t i v e l i s t e n e r s are ready, NRFD goes high 
and the t r a n s f e r begins. 
( i i i ) The t a l k e r places data on the bus and a f t e r a 
short delay asserts DAV low t o inform the a c t i v e l i s t e n e r s 
t h a t they can read the f i r s t byte of i n f o r m a t i o n . 

( i v ) The a c t i v e l i s t e n e r s become "busy" reading the 
data and assert NRFD low. When every l i s t e n e r i s ready 
to receive more data, NRFD i s set high. 
(v) The l i s t e n e r s also c o n t r o l the NDAC l i n e which 
i s asserted low u n t i l every l i s t e n e r has accepted the 
data byte whereupon NDAC goes high. This informs the 
t a l k e r t h a t the data byte has been read. 
( v i ) The t a l k e r releases DAV to the high s t a t e and 
the l i s t e n e r s respond by a s s e r t i n g NDAC low again. 

Thus the bus i s returned to i t s quiescent state 
ready f o r i t s next data t r a n s f e r , and the process o u t l i n e d 
above i s repeated every time a data or command byte 
i s sent. A l l characters, whether numbers or l e t t e r s , 
are represented i n hexadecimal code and they are tr a n s ­
m i t t e d down the data bus i n t h i s format. 
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E.4 Communication problems between the PET and the VSM 
p e r i p h e r a l s 

The P E T ' S handshake sequences, both as a t a l k e r 
and a l i s t e n e r , are s l i g h t l y d i f f e r e n t from t h a t described 
above and are shown by flow diagrams i n Figures E.3 and 
E.4 r e s p e c t i v e l y . I t can be seen from these t h a t the 
PET only allows the IEEE device i t i s communicating 
w i t h 65 m i l l i s e c o n d s to complete the data t r a n s f e r otherwise 
the PET d e f a u l t s to a "timeout". This has caused severe 
problems when the PET i s communicating as a l i s t e n e r 
w i t h both the Brookdeal Lock-In Analyser and the Fluke 
Multimeter. Both these devices sometimes take longer 
than 65 m i l l i s e c o n d s to respond and the data t r a n s f e r r e d 
i s e i t h e r l o s t or corrupted as a r e s u l t of the PET's 
timeout. 

Attempts were made to overcome t h i s problem by 
making use of the PET's i n t e r n a l bus status i n d i c a t i o n 
(ST). By r e f e r r i n g to Figure E.4 i t can be seen tha t 
the value of ST i s set equal to 64 or 0 at the conclusion 
of a successful l i s t e n i n g sequence, depending on whether 
EOI has been set or not. The simplest s o l u t i o n involved 
the s t r a i g h t f o r w a r d r e p e t i t i o n of the PET's INPUT statement 
to the device u n t i l the value of ST i n d i c a t e d a successful 
t r a n s f e r . Even t h i s , however, d i d not prove t o be 1007o 
r e l i a b l e and much experimentation on the VSM was wasted 
as a r e s u l t of bus hang-ups. I t was decided, t h e r e f o r e , 
to w r i t e a machine-code r o u t i n e t o conduct a s e r i a l 
p o l l of the device i n order t h a t the PET could determine 
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p r e c i s e l y when the device was ready to transmit data 
thus avoiding the above problems. 

With reference to the p u b l i c a t i o n s by Fischer and 
Jensen (1980) and Skier (1981) such a r o u t i n e was w r i t t e n 
and the code was blown i n t o an flPROM which was then 
placed i n a spare socket i n s i d e the PET. The code s t a r t s 
at l o c a t i o n 40714 dec. (9F0A hex.), ends at 40925 dec. 
(9FDD hex.) and uses three l o c a t i o n s (700 - 702 dec.) 
i n the PET's f i r s t cassette b u f f e r to t r a n s f e r the device 
address and the r e s u l t of the p o l l to and from the main 
BASIC program. The f o l l o w i n g pages contain a l i s t i n g 
of the r o u t i n e both i n machine-code and assembly language, 
as w e l l as a d e t a i l e d explanation of the assembly language 
l i s t i n g . By f o l l o w i n g t h i s i t w i l l be seen t h a t the 
handshakes implemented dur i n g the p o l l f o l l o w e x a c t l y 
the same procedure as t h a t described e a r l i e r . 

Appendix F gives examples of the use of t h i s r o u t i n e 
and how i t has ensured the complete r e l i a b i l i t y of com­
munication between the PET and the Brookdeal/Fluke. 
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PET memory Machine Assembly 
l o c a t i o n s code language 
Dec. Hex l i s t i n g l i s t i n g 

40714 9F0A A9 FB LDAIM 251 
40716 9F0C 20 40 E8 AND 59456 
40719 9F0F 8D 40 E8 STA 59456 
40722 9F12 A9 18 LDAIM 24 
40724 0F14 8D BD 02 STA 701 
40727 9F17 20 72 9F JSR 40818 
40730 9F1A AD BC 02 LDA 700 
40733 9F1D 09 40 ORAIM 64 
40735 9FIF 8D BD 02 STA 701 
40738 9F22 20 72 9F JSR 40818 
40741 9F25 A9 FD LDAIM 253 
40743 9F27 2D 40 E8 AND 59456 
40746 9F2A 8D 40 E8 STA 59456 
40749 9F2D A9 F7 LDAIM 247 
40751 9F2F 2D 21 E8 AND 59425 
40754 9F32 8D 21 E8 STA 59425 
40757 9F35 A9 04 LDAIM 4 
40759 9F37 CD 40 E8 ORA 59456 
40762 9F3A 8 D 40 E8 STA 59456 
40765 9F3D 20 A2 9F JSR 40866 
40768 9F40 A9 08 LDAIM 8 
40770 , 9F42 CD 21 E8 ORA 59425 
40773 9F45 8D 21 E8 STA 59425 
40776 9F48 A9 02 LDAIM 2 
40778 9F4A CD 40 E8 ORA 59456 
40781 9F4D 8D 40 E8 STA 59456 
40784 9F50 A9 FB LDAIM 251 
40786 9F52 2D 40 E8 AND 59456 
40789 9F55 8D 40 E8 STA 59456 
40792 9F58 A9 5F LDAIM 95 
40794 9F5A 8D BD 02 STA 701 
40797 9F5D 20 72 9F JSR 40818 
40800 9F60 A 9 19 LDAIM 25 
40802 9F62 8D BD 02 STA 701 
40805 9F65 20 72 9F JSR 40818 
40808 9F68 A9 04 LDAIM 4 
40810 9F6A CD 40 E8 ORA 59456 
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PET memory 
l o c a t i o n s 
Dec. Hex 

Machine 
code 

l i s t i n g 
Assembly 
language 
l i s t i n g 

40813 9F6D 8D 40 E8 STA 59456 
40816 9F70 60 RTS 
40817 9F71 EA NOP 
40818 9F72 AD 40 E8 LDA 59456 
40821 9F75 29 40 ANDIM 64 
40823 9F77 FO F9 BEQ 249 
40825 9F79 AD BD 02 ' LDA 701 
40828 9F7C 49 FF EORIM 255 
40830 9F7E 8D 22 E8 STA 59426 
40833 9F81 A9 F7 LDAIM 247 
40835 9F83 2D 23 E8 AND 59427 
40838 9F86 8D 23 E8 STA 59427 
40841 9F89 AD 40 E8 LDA 59456 
40844 9F8C 29 01 ANDIM 1 
40846 9F8E FO F9 BEQ 249 
40848 9F90 A9 08 LDAIM 8 
40850 9F92 CD 23 E8 ORA 59427 
40853 9F95 8D 23 E8 STA 59427 
40856 9F98 A9 FF LDAIM 255 
40858 9F9A 8D 22 E8 STA 59426 
40861 9F9D 60 RTS 
40862 9F9E EA NOP 
40863 9F9F EA NOP 
40864 9 FAG EA NOP 
40865 9FA1 EA NOP 
40866 9FA2 A9 02 LDAIM 2 
40868 9FA4 CD 40 E8 ORA 59456 
40871 9FA7 8D 40 E8 STA 59456 
40874 9FAA AD 40 E8 LDA 59456 
40877 9 FAD 29 80 ANDIM 128 
40879 9FAF DO F9 BNE 249 
40881 9FB1 AD 20 E8 LDA 59424 
40884 9FB4 49 FF EORIM 255 
40886 9FB6 8D BE 02 STA 702 
40889 9FB9 A9 FD LDAIM 253 
40891 9FBB 2D 40 E8 AND 59456 
40894 9FBE 8D 40 E8 STA 59456 
40897 9FC1 A9 08 LDAIM 8 
40899 9FC3 OD 21 E8 ORA 59425 
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PET memory 
lo c a t i o n s 
Dec. Hex 

Machine 
code 

l i s t i n g 
Assembly 
language 
l i s t i n g 

40902 9FC6 8D 21 E8 STA 59425 
40905 9FC9 AD 40 E8 LDA 59456 
40908 9FCC 29 80 ANDIM 128 
40910 9FCE FO F9 BEQ 249 
40912 9FD0 A9 F7 LDAIM 247 
40914 9FD2 2D 21 E8 AND 59425 
40917 9FD5 8D 21 E8 STA 59425 
40920 9FD8 A9 FF LDAIM 255 
40922 9 FDA 8D 22 E8 STA 59426 
40925 9FDD 60 RTS 
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MAIN ROUTINE 

LDAIM 251 
AND 59456 

STA 59456 
LDAIM 24 
STA 701 
JSR 40818 

LDA 700 
ORAIM 64 
STA 701 
JSR 40818 
LDAIM 253 
AND 59456 

STA 59456 
LDAIM 247 
AND 59425 

STA 59425 
LDAIM 4 
ORA 59456 

STA 59456 
JSR 40866 
LDAIM 8 
ORA 59425 

STA 59425 
LDAIM 2 • 
ORA 59456 
STA 59456. 
LDAIM 251 
AND 59456 
STA 59456. 
LDAIM 95 

Load accumulator w i t h 251 immediately (251 
i s two's complement of 4 (255-4)). 
Logical AND operation between accumulator 
and contents of l o c a t i o n 59456. Accumulator 
becomes contents of 39456 except b i t 2 = 0 
regardless. B i t 2 of 59456 = ATN output. 
Store accumulator at 59456 .'. ATN set LOW. 
Load accumulator w i t h 24 immediately. 
Store accumulator at 701 (1st cassette b u f f e r ) 
Jump t o subroutine at 40818 - transmits 
byte stored at 701. This invokes s e r i a l 
p o l l response. 
Load accumulator w i t h contents of 700. 
Location 700 holds device address. 
Log i c a l OR operation on accumulator adds 
64 to device address t o give IEEE t a l k address 
Store accumulator at 701. 
Transmit byte - send IEEE t a l k address. 
Load accumulator w i t h 253 immediately. 
Accumulator becomes contents of l o c a t i o n 
59456 except b i t 1 = 0 regardless. B i t 
1 of 59456 = NRFD output. 
Store accumulator at 59456 .*. NRFD set 
LOW. 
Load accumulator w i t h 247 immediately. 
Accumulator becomes contents of l o c a t i o n 
59425 except b i t 3 = 0 regardless. B i t 
3 of 59425 = NDAC output. 
Store accumulator at 59425 .'. NDAC set 
LOW. 
Load accumulator w i t h 4 immediately. 
Logical OR operation on accumulator adds 
contents of 59456 to accumulator. B i t 2 
= 1 regardless. B i t 2 of 59456 = ATN output. 
Store accumulator at 59456 .". ATN set HIGH 
( i . e . r eleased). 
Jump to subroutine at 40866 - receives byte 
and stores r e s u l t at l o c a t i o n 702. 
Load accumulator w i t h 8 immediately. 
Accumulator becomes 59425 contents w i t h 
b i t 3 = 1 regardless. B i t 3 of 59425 = NDAC 
output. 
NDAC set HIGH 

s i m i l a r l y NRFD set HIGH 
( B i t 1 of 59456). 

h Sets ATN i . e . ATN set LOW 
Load accumulator w i t h 95 immediately, 
i s IEEE u n t a l k command. 

95 
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STA 701 
JSR 40818 
LDAIM 25 
STA 701 
JSR 40818, 
LDAIM 4 
ORA 59456 
STA 59456 
RTS 

Transmit u n t a l k command byte 
Transmit s e r i a l p o l l , d i s able byte 
(25 disables p o l l ) 

- Releases ATN i . e . ATN set HIGH 
Return t o c a l l e r ( i . e . BASIC) 

Subroutine at 40818 

CLDA 59456 
ANDIM 64 
BEQ 249 

LDA 701 
EORIM 255 

STA 59426 
LDAIM 247 
AND 59427 
STA 59427 

^LDA 59456 
( ANDIM 1 
^BEQ 249 

LDAIM 8 
ORA 59427 
STA 59427 
LDAIM 255 
STA 59426 
RTS 

This 

This loop looks to see i f b i t 6 (64) of 
- l o c a t i o n 59456 i s set. This i s NRFD 

in p u t . I f b i t 6 = 1 then NRFD = HIGH and 
device ready to receive data. BEQ 249 
causes code to jump back 7 lo c a t i o n s i f 
NRFD = LOW s t i l l . 

Load accumulator w i t h data to tr a n s m i t . 
Take complement of data because PET " 1 " 
s t a t e corresponds to bus low s t a t e and v i c e -
versa . 
Store complemented data at 59426. 
i s data bus output l o c a t i o n . 

Sets b i t 3 of l o c a t i o n 59427 to 
i s DAV output, i . e . DAV set LOW 
This loop looks to see i f b i t 0 

- l o c a t i o n 59456 i s set. This i s 
I f b i t 0 = 1 then NDAC = HIGH and data 
has been accepted. 

- Resets DAV i . e . DAV set HIGH 
Clears data bus output l o c a t i o n (59426) 
w i t h n u l l s . 

Return t o c a l l i n main r o u t i n e . 

0 This 

(1) of 
NDAC input 

Subroutine at 40866 
LDAIM 2 
ORA 59456 
STA 59456 CLDA 59456 
ANDIM 128 
BNE 249 
LDA 59424 
EORIM 255 
STA 702 
LDAIM 253 
AND 59456 
STA 59456 
LDAIM 8 
ORA 59425 
STA 59425 

Sets b i t 1 of l o c a t i o n 59456 = 1. This 
i s NRFD output l o c a t i o n i . e . NRFD set HIGH, 
This loop looks to see i f b i t 7 (128) 
of l o c a t i o n 59456 = 1 . I f i t i s DAV i s 
HIGH and BNE loops back u n t i l DAV set LOW. 
Location 59424 i s data bus i n p u t . Result 
i s complemented and stored at 702. 
Sets b i t 1 of l o c a t i o n 59456 = 0. This 
i s NRFD output l o c a t i o n i . e . NRFD set LOW. 

Sets b i t 3 of l o c a t i o n 59425 = 1. This 
i s NDAC output l o c a t i o n i . e . NDAC set HIGH. 
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^LDA 59456' 
( ANDIM 128 
^BEQ 249 . 

LDAIM 247" 
AND 59425 
STA 59425 
LDAIM 255 
STA 59426 
RTS 

This loop looks to see i f b i t 7 (128) of 
l o c a t i o n 59456 i s set. This i s DAV input, 
When b i t 7 i s set DAV = HIGH otherwise 
DAV s t i l l LOW. 
Sets b i t 3 of 59425 
LOW 

0, i . e . NDAC set 

Clears data bus output l o c a t i o n (59426) 
w i t h n u l l s . 

Return to c a l l i n ma^n r o u t i n e . 
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APPENDIX F 

The VSM Control Program 

F.l I n t r o d u c t i o n 

This appendix contains a complete l i s t i n g of the VSM 
c o n t r o l program which i s capable of conducting both 
f u l l magnetization loop and d e t a i l e d coercive f i e l d 
s t u d i e s . The scope of the software i s u n f o r t u n a t e l y 
l i m i t e d by the PET's a v a i l a b l e RAM f o r BASIC storage. 
Indeed, the program as shown here i s too long to even 
be loaded i n t o the PET 4032 and several REM statements 
(comments) have t o be excluded i n order f o r t h i s to 
be p o s s i b l e . A s i m i l a r program, t h e r e f o r e , has had 
to be w r i t t e n to conduct i n i t i a l magnetization studies. 
This i s not included here. 

Although the l i s t i n g contains many comments throughout, 
to a i d the reading of the same, these are not i n s u f f i c i e n t 
abundance as to make the program i n t e l l i g i b l e to anyone 
u n f a m i l i a r w i t h the system. To t h i s end, t h e r e f o r e , 
there i s a short s e c t i o n p r o v i d i n g a d d i t i o n a l guidance 
to the l i s t i n g im.mediately a f t e r the l i s t i n g i t s e l f . 
By vjay of a f u r t h e r example, the procedure followed 
by the program when conducting a f u l l magnetization 
loop or a d e t a i l e d study of the coercive f i e l d i s shown 
i n flow diagram form i n Figures F.l and F.2. 
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Figure F.l Part of flow diagram f o r VSM c o n t r o l program 
conducting f u l l loop or d e t a i l e d c o e r c i v i t y study. 



Instruct user to 
achieve cyclic 
state 

Instruct user to 
reduce current to 
zero and reverse 
current 

Request field 
interval, 
gaussmeter 
sensitivity etc. 
required 

Instruct user to 
set up X - Y 
recorder 

Instruct user to 
transfer control 
to PET 

Increment field 

. Is . 

chosen field 
Jnterval 

fYes 

No 

Record M and H 
values 

Increment field to 
next value 

Transfer data 
to user specified 
disc file 

user 

Yes 

Print results 

Finish 

Store data in 
user specified 
disc file 

Set n=1 

Instruct user to 
increase field to 
max value, to 
reduce current to 
zero and reverse 
current 

Transfer control 
to user 

Is 
H within 

chosen field 
interval ?. 

Record M and H 
values 

Decrease field to 
next required 
field values 

^ / T s H \ . No 
c u > > ' imax. 

? 
fres 

Record M and H 
values 

Increase field to 
next value 

Is 
current 
zero? 

Reverse current 

> 

Record M and H 
values 

Close disc files 

Figure F.2 Part of flow diagram f o r VSM c o n t r o l program 
conducting f u l l loop or d e t a i l e d c o e r c i v i t y 
study. 
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•ye-

1 a;;= 1 : n:':= l : t.;;= l : da . ta 169 , 5 1 4 1 1 2 2 2 , 1 6 9 ,9 . . 1 4 8 , 1 2 3 2 , 1 6 2 , 6 , 1 S9 , 
1 9 4 , 2 . , 2 4 0 

2 d-ata. 7., 1 53., 19., 1 2 S 2 3 2 . , 266 , 2 6 3 . , 2 4 4 1 7 3 . , 1 2 3 2 . , 165., 46., 141 1 2 3 2 . , 1 
69 . ,232.,206., 122 

3 <-J 3.+3. 2., 173., 122., 2., 263,, 226., 96 : r- e r n m a.c h i n e c o d e r- o 1.4 + i r 

4 +or i=636+.o67S :rea.d-3i:i :f:'Okei ., ai:i :ri6-x+. : r erii data , tor- s c r a e n ma 
s t o I I01.I.IS 

5 d a t a* 1 ., 166., 166., 1 6 0 1 6 6 . , 1 6 6 1 6 0 . , 1 6 6 1 6 6 1 6 0 1 6 0 . , 160., 1 6 0 1 6 6 1 6 6 
., 166., 166., 160 

6 d a t a l 66., 1 6 6 1 6 6 6 . , 166., 166^166., 166., 1 6 6 2 1 6 . , 1 9 7 1 9 5 . , 2 6 7 2 1 6 .,196., 
201 206., 1 9 9 1 6 0 

7 d a t a . 1 6 0 1 6 0 . , 1 6 0 1 6 0 1 6 0 . , 66., 160., 160., 160., 166., 160., 1 6 0 1 6 0 . , 160., 16 
0., 160., 166., 160., 160 

S d a t a 160., 166., 1 6 9 1 6 6 . , 160., 160., 160., 60., 160 r 160., 166., 265., 166., 1 9 3 2 6 
6., 196., 160., 200., 160 

9 data2 ' 14., 193., 204., 2 1 3 , 1 9 7 . , 21 1., 160., 1 6 6 1 6 6 . , 6 6 1 6 6 . , 166., 166., 166., 166 
., 166., 160., 160., 160 

16 d .a ta l 6 0 1 6 0 . , 1 6 0 1 6 0 . , 1 6 0 1 6 0 . , 160., 160., 160 , 160., 1 6 0 0 6 . , * 2 1 6 6 . , 166 
., 166., 160., 160., 166 

11 d a t a . l 66., 166., 166., 166., 166., 166., 166., 1 6 6 1 6 6 . , 160,, 1 6 6 1 6 0 . , 166., 166., 6 
., 160., 204., 207., 199 

12 d a t a 2 0 1 ., 1 9 5 1 6 0 1 9 8 2 G 7 .,210., 2 1 5 , 1 9 3 . , 216., 196., 166., 166., 166., 166., 1 
66., 166., 6 1 6 0 . , 166 

13 d a t . a l 60., 160., 160., 160., 160., 160., 1 6 0 1 6 0 . , 160., 160,, 160., 166., 166., 166., 1 
60., 160., 160., 166., 6 

14 d a t a l 66., 195., 213. , 216., 2 1 6 1 9 7 . , 266., 212., 166., 261., 266 .,195., 2 1 0 1 9 7 . , 1 
93 .,21 1 .,201 .,206 

15 d .a ta l 99 .,166., 6., 160., 160., 160., 160 ,160^160. , 1 6 0 1 6 6 . , 1 6 6 1 6 6 . , 160., 160 
., 160., 160., 160., 160 

16 d a t a l 60., 160,, 166 ,166 . , 6., * 3 1 6 0 . , 160., 160., 166., 166., 166., 166., 166 .,160., 
160., 160., 160., 160 

17 d a t a l 6 0 1 6 0 . , 1 6 0 1 6 0 . , 1 6 0 1 6 0 1 6 0 . , 6 1 6 0 . , 2 0 4 2 0 7 . , 199.,201 ., 195., 160 
.,210., 197 .,214., 197 

1S dat.3210., 211 ., 197., 196., 160., 160., 160., 160., 160., 0., 160., 1 6 0 1 6 0 . , 166., 160 
160., 160., 160., 160 
19 d a t a . l 60.. 160., 166., 160., 1 6 0 1 6 0 . , 160., 160., 166., 166., 166., 0,, 166., 195., 213 

.,216., 216., 197., 266 
26 d a t a 2 1 2 . , 166., 201 ., 206., 195., 210., 197., 193 .,211., 201., 206., 199., 160., 0., 160 

., 166., 160., 160., 160 
21 d a t a l 60., 160., 1 6 0 1 6 0 . , 1 6 6 1 6 6 1 6 0 1 6 0 1 6 0 ^ 160,, 166., 160., 160 , 160., 1 

6O.,0.,:*4., 160., 160 
22 d a t a l 6 0 1 6 0 . , 1 6 0 1 6 0 . , 1 6 0 1 6 0 . , 1 6 0 1 6 0 . , 160., 160., 160., 160., 160., 160., 1 

60., 160., 1 6 0 1 6 0 . , 0 
23 d a t a l 60 , 2 0 4 2 0 7 1 9 9 . , 201 1 9 5 1 6 0 . , 193., 207., 210., 215., 193., 2 1 0 1 9 6 . , 1 

60,, 160., 160., 160 
24 d a t a l 60 ,160. , O., 160,, 160., 160., 160., 160., 160., 160., 160 ,160 . , 160., 166., 160 

., 160., 160., 1 6 0 1 6 0 
25 d a t a l 6 0 . , 160., 160., 160.,0., 160., 195.,213., 2 1 0 2 1 0 . , 197.,206., 212., 160., 196 

.,197., 195 .,210., 197 
26 d a t a l 9 3 . , 2 1 1 . , 2 0 1 2 0 6 . , 1 9 9 . , 1 6 0 O . , 166., 1 6 0 1 6 0 . , 160., 166., 160 , 1 6 0 , 1 6 0 

., 160., 1 6 0 1 6 0 1 6 0 
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2 7 c j a t a l 6 6 ,. 1 6 0 1 6 6 1 6 6 1 6 6 ,166 ,166 ,• 1 6 6 6 * 5 1 6 6 , 1 6 6 1 6 6 1 6 6 ,166 
1 6 6 1 66 .166 r 166 
2 S d a t a l 6 6 1 6 6 1 6 6 1 6 6 1 6 6 1 6 6 1 6 6 r 1 6 6 1 6 6 r 166 .• 166 . 6 1 6 6 2 6 4 2 6 7 
199..201195., 160 
2 9 d a . t a 2 1 6 1 9 7 2 1 4 1 9 7 2 1 6 2 1 1 1 9 7 1 9 6 1 6 6 1 6 6 1 6 6 1 6 6 1 6 6 6 1 6 6 

r 1 6 0 1 6 6 1 6 6 1 6 6 
36 d a t a . 1 6 6 1 6 6 1 6 6 1 6 6 1 6 6 1 6 6 r 1 6 6 1 6 6 1 6 6 1 6 6 1 6 6 . 1 6 6 1 6 6 1 6 6 1 

6 0 r 0 . 1 6 0 1 9 5 2 1 3 
31 data210... 2 1 0 1 9 7 2 0 6 2 1 2 1 6 0 1 9 6 1 9 7 1 9 5 2 1 U 1 9 7 1 9 3 .,211 2 0 1 2 

0 6 1 9 9 1 6 0 0 1 6 0 
3 2 d a t a l 6 0 1 6 6 1 6 6 1 6 6 1 6 0 1 6 0 1 6 0 1 6 6 1 6 6 1 6 6 1 6 6 1 6 6 1 6 0 1 6 0 1 

60., 160., 160., 160 
3 3 d a t a l 6 0 .,0 
34 p o k e 141 ., 0 :̂ :>ol-::e 142.,0 :r:'Ol::e 143., 0 :r ern set-fci nci .j i ++y c l o c k t o z e r o 
3 5 o (•:• e n 4,4., 0 : p r• i n t # 4., c h r• * < 2 7 ':>c h r- $ < 9 6 :>c h r 2 7 ::•c h r * 4 3 > .; c l-i r $ K 6 0 

3 6 f:-rint#4.,chr*<27>.rchr*';80>.;" " .;chr*':;27> .jchr:r<09> 
• 

3 7 r:'r int#4., " " 
3 8 pt- i nt#4., " " .; chr$ < 

27 > . ; chr*<60> 
4 0 oi':>eri9.,9 :of/en 10., 10 :or-'&r> 16., 16 
41 reni 4=|':'rinter 8 = d i s k d r i v e 9 = S M . i i t c h 16= l o c k - i n 16=-fluke 
4 2 p o k e 1 ., 0 : r='Oke2 .,148: a;;= 1 : ru-> 1 : t,";= 1 : r erci i n i t i a 1 i s i rrLi m i n i ca/n 
4 4 f:-oke59468., 14 
4 6 a;;=40 : n;;'=0 : a = u s r 4 > 
4 7 3'i=40: n"J=3 : a=t.jsr- <. 4 > 
4 8 f:"r i r i t # 1 6 . , "-+i.u6t2" :rerii de'-.'ice c leer-.,sur^f:-res£ e o i + I t . , d i s a r r r i s c o n 

t i n I. J o u s t r- i -ri 3 e r 
5 0 p r i n t " iStlfcHitltlfcltltitHill s t h e F l u k e mu I t i m e t e r sh o a i i r c n a l l z e r o 

5 Ky o r ri> i n p u t a . $ 
51 i t a $ = " n " t h e n e n d 
7 0 • i i o s u b l 5 0 0 :rer.. " I N I T I R L MRITTEH INTRODUCTION" 
8 0 print"i= E E l l l f'-IELC6ME TO THE MAIN PROGRfiM" 
9 0 p r i n t g S l M M M l l i P l e a ^ e e n t e r : " 
100 p r i n t " S E i m i l l U U U T o d a y s date : " : i nputda* 
1 1 0 pr- i n t " S E i m i l l l l J U S a j n p l e t y p e : " .,- : i npi .jtsa:f 
126 print" S ^ P'I•oerci'^••i t v s t u d y r e ' : j i u i r e d <y o r n >:".;: i n p u t a * 
1 2 5 i ta|:= " n " t h e n 136 
126 -aosufcC^SOO 
127 print"Smsi-'ro'Sira/ri - F i n i s h e d " :end 
130 •siosub2000:rerii " S E T T I N G ZERO CURRENT" 
140 •3osub2500 :rerM " S E T T I N G UP B E L L GflUSSMETER" 
150 -LiosubSOOO :rem " S E T T I N G UP 5 2 0 6 L O C K - I N " 
166 •:iosub4000:ren. "CHECKING C V C L I C STATE.,PHASE AND ZERO CURRENT" 
170 '31 =h2.-"n 1 : •-^2= i h 3 - h 2 > / n 2 : -513= \ hm-hS .:• .'nS 
180 s 1 = i n t K ii 1 /3,-' 10 .:• : s 2 = i n t < •32/3.-' 16 > : s 3 = i n t •aS.-'S.-' 10 > 
181 rerii a l l o w s a t l e a ^ s t 10 s t e p s between each r e ' ^ u i r e d t i e I d v a l 

u e 
182 i t'H 1 <3then'2i 1 =3 : r e m s m a I l e s t t i e Id i n c r e m e n t p o s s i b l e 
1 8 3 i t'2i2<3then'32=3 
184 i t - s i3<3thencj3=3 
190 i t s l < l t h e n s l = l 
191 i t s 2 < l t h e n s 2 = l 
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192 i+s-.3<:i-then53=l 
2 6 Q t n = ••. n 1 + n 2+n 3 > * 4 : t n = t n+n 1+5 6 : r- e m t f i = t o t a. 1 n o, o -f t-^s.di n n s 
2 1 0 or:-en 11 3 1 1 " © 1 : M V a l i . 4 e s s " : open 1 2 8 1 2 " i51 : H V a lues., s i . u " 
21 1 ope^-| 1 3 3 1 3 " i 5 1 :EM Va. l i j e s s L M " :open 1 4 3 1 4 " i51 :EH Va. U ^ e s s w 

2 1 2 rem ern a n d e h a r e e r r o r s i n rn .fc h 
22G h l = o t l : s s = s l 
2 2 4 'LI o s L-i b 7 0 0 0 : r e m t aJ--; i n g r• e a.ci i n s 
2 2 e h=h9 
2 2 3 •3oto240 
2 3 0 o s u h 7 0 0 0 : r• erii taJ--; i nreaci i n-3s 
2 4 0 i -Ph9>h2theri2S0 
2 5 0 h = h + h l 
2 6 0 ciosuk-.SOOO 
2 7 0 •:ioto230 
2 3 0 h l = o i 2 : s s = s 2 
2 9 0 h = h + h l 
3 0 0 •:iosub5000 
3 1 0 •3osuk:.7000 
3 2 0 i - f h 9 > h 3 t h e r i 3 4 0 
3 3 0 c i o t c i 2 9 0 
3 4 0 h 1 ='St3 5 s s = s 3 
3 5 0 h = h + h l 
3 6 0 •nosub5000 
3 7 0 •:iosub700O 
3 3 0 i +h9>hr.-.then400 
3 9 0 CIO t o 3 5 0 
4 0 0 h = h - h l 
4 1 0 •:iosub6000 
4 2 0 •--iosub7O00 
4 2 5 i +b.$="C,haj-i'2ieo'..'er n e e d e d " t h e r i 5 7 0 
4 3 0 i + ̂•| 9 < h 3 1 h e n 4 5 0 
4 4 0 •--io-to400 
4 5 0 h 1 =ci2 : s s = s 2 
4 6 0 h = h - h l 
4 7 0 •3osub6O00 
4 3 0 •3osub7O00 
4 3 5 i -fb*= " C:ha/-iiieover n e e d e d " -t:hen570 
4 9 0 i + h 9 < h 2 t h e n 5 1 0 
5 0 0 •:ioto460 
5 1 0 h l = c i l : s s = s l 
5 2 0 h = h - h l 
5 3 0 •--iosub6000 
5 4 0 •2iosub7000 
5 5 0 i -fb*= " Chaj-icieo'.'er n e e d e d " -then570 
5 6 0 •3o-to520 
5 7 0 k'$="" : h l = c i l : s s = s l :-3Osub9000 
5 3 0 •:iosub700O 
5 9 0 i-f h 9 < - h 2 +• h e n 6 3 0 
6 0 0 h = h - h l 
6 1 0 i i o s u b 5 5 0 0 
6 2 0 'SotoSSO 
6 3 0 h 1 =-212 : s s = s 2 
6 4 0 h = h - h l 
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6 5 0 -iiosubSSO© 
6 6 0 '30 s u b 7 0 0 0 
6 7 0 i -f 9 < - h 31. ̂•| e n 6 9 O 
6 3 0 •ito+.o640 
6 9 O h 1 = -zi 3 : s s = s 3 
7 0 0 h = h - h l 
7 1 0 •nosub5500 
7 2 0 •yosub7000 
7 3 0 i -f h 9 < - h m t h e n 7 5 O 
7 4 0 •3O-fco700 
7 5 0 h = h + h l 
7 6 0 'iiosubf-SOO 
7 7 0 •2iosub7000 
7 7 5 i+b:^="Cha/-r3eover n e e d e d " •then920 
7 3 0 i - f h 9 > - h 3 t h e n 3 0 0 
7 9 0 •:io+.o750 
3 0 0 h 1 =ci2 : s s = s 2 
S I O h = h + h l 
3 2 0 •3osub650O 
3 3 0 •:iosub70OO 
3 3 5 i ̂ 1:1$=" Charraeo'.'er n e e d e d " t h e n 9 2 0 
3 4 0 i-fh9>-h2t.hen360 
3 5 0 cio-toSlO 
3 6 0 hl='2il : s s = s l 
3 7 0 h = h + h l 
3 3 0 •3osub65O0 
3 9 0 •5iosub7OO0 
9 0 0 i +b*= " Ch.s/-i-:ieo's.'er needed'' t h e n 9 2 0 
9 1 0 •:ioto370 
9 2 0 b*= " " : y-i 1 =-31 : s s = s 1 : •:iosub9G00 
9 3 0 •iiosub7O00 
9 4 0 i -fh9> 1 0 O t h e n 9 3 O 
9 5 0 h = h + h l 
9 6 0 •-.iosi.4b5O0O 
9 7 0 o i o t o 9 3 0 
9 3 0 ^:•rint"SEEllMf•1-H da.ta taJ^iinci - f i n i s h e d " 
9 9 0 f:'rint";:;fc;^Li;:;fc;^L;i;:iL;i6^^tab;tiC::iiit:ilMI< h i t spa.ce bar- t o c o n t i n u e ::•" 
1 0 0 0 pr- i n t # 4 c h r < 0 7 > .? : b = t i 
1 0 1 0 i + t i - b < 6 0 t h e n 1 0 1 0 
1 0 2 0 -neta.* : i a.*= " " t h e n 1OOO 
1 0 2 5 c l o s e 1 1 : c l o s e 12 : c l o s e 13 : c l o s e 14 
1 0 2 6 o p e n 11 3 1 1 " 1 :M Va. l u e s s r " : or-en 12 , 3 1 2 " 1 :H V a l u e s s r " 
1 0 2 7 o p e n 1 3 3 1 3 " 1 : EM V a i L j e s , s , r " : o p e n 14 , 3 1 4 " 1 : EH V a l u e s s r " 
1 0 3 0 p r i n t " S E l 6 l i m n t e r najiie o-f -f i l e t o b e c r e a t e d g S U l s l l l U on d i s 
1 : " ; : input-f:* 

1 0 3 5 p r i n t " SUEEC'o y o u u i i s h t o s t o r e t h e star-ida/'d e r r o r s < y o r n 
> : " .; : i n p u t a * 
1 0 3 6 i -)^a*= " y " t h e n 1 0 9 2 
1 0 4 0 o p e n s 3 8 " 1 : " + t * + " s>x>" 
1 0 5 0 r d * = s a * + " M-H l o o p d a t a : "+da* 
1 0 6 0 p r i n t # 8 r d * c h r * < 13 > y 
1 0 7 0 t o r i = l t o y 
1 0 7 5 i n p u t # 11 .r fii: i r i p u t # 1 2 h : i n p u t # 13., em : i n puttt 1 4 e - h 
1 0 3 0 pr- i n t # 8 h c h r < 13 > m 
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.096 n e x t i 

.691 • : i o t o l 6 9 3 

.692 opens.,8.,8., " 1 :"+ + $ + " .,s.,I.M" 

.093 r d * = s a S + " M-H l o o p d a t a s t d . e r r o r s : "+da^: 

. 6 9 4 p ̂-• i ̂ -| t # 3., r• cJ * c h r• * •'• 13 :> y 

. 0 9 5 tor- i = 1 tov-': i ripi.jt# 11., m : i n p u t # 12., h : i rpput# 13., em : i r i p u t # 14., eh 
: 6 9 6 pr- i rit#8., hchr-$ < 1 3ehchr-'J^ 13 > mchr-^ ••. 13 > em 
.697 n e . x t i 
. 0 9 8 c l o s e 1 1 : c lo.-se 12 : c l o s e 13 : c l o s e 14 
160 p r i r i t # 1 0 . , "i.M 0" :reni r e t u r n s l o c k - i n t o l o c a l mode 
110 b = t i 
120 i 11 i - b < 6 0 t h e n 1 1 2 0 
130 p r i n t " i S i U C i o y o u M.iish t o l i s t r e s u l t s on p r i n t e r y o r n ':> 
} : i.npL^t aJ: 
140 i t a * = " n " t h e n 1 2 3 0 
141 of:-en 1 1 ., 8., 11., " 1 :M V a l u e s . , s.,r " :open 12.,8., 12., " 1 :H V a Ujes., s.,r " 
142 o p e n 13., S., 13., " 1 : EN V a iL^es., s., r " : o p e n 14., 8 1 4 . , " 1 : EH V a lues., s., r " 
145 p r i nt#4., " " .r r d * : p r i nt#4., " " : p r i nt#4., " " 
150 p r i n t # 4 . , " " .;chr*'::27> .jchr^-L'Ol;;'.: "H y a l u e s < •a-auss .:• " . : c h r * 
.'7> .jchr--*'-•01 "> ; 
160 p r i n t # 4 . , " S t d . e r r o r e h " .; c h r * <27::'.;chr*-r.ei > "M y a l u e s ••: 
. l t s > 
176 print#4.,chr*';27;:'.;chr*'::0i:>.j"Std. e r r o r em " 
180 p r i n t # 4 , , " " 
190 p r i n t # 4 . , " " 
191 p r i nt#4., " " : p r i nt#4., " " 

.200 t o r i = l t o y 

. 2 0 5 i ripi.jt# 11 m : i n p t j t # 12., h : i n p u t # 1 3 e m : i n p u t # 14., e h 

. 2 1 0 p r i nt#4., c h r $ <. 6 9 > .: h.: c h r * < 0 9 . ? e h c h r * < 0 9 m . : c h i r - t < 09 :>.; em 
i 2 2 0 n e x t i 
.'30 p r i n t # 1 6 . , "*" : c l o s e 4 :c l o s e S :c l o s e 9 :c l o s e 16 :c l o s e 16 

. 2 5 5 c l o s e 1 1 :c l o s e 1 2 :c l o s e 1 3 : c l o s e 1 4 

.246 p r- i n t'' r o '3 r .a/ri t i n i s h e cr' 

.256 e n d 
5 0 6 rem 
561 r e m * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

* * * * * * * * * * * * * * * 
5 0 2 rem 
5 6 3 rem 
5 6 5 rem " I N I T I A L WRITTEN INTRODUCTION" 
5 6 6 rem 
5 6 7 r e m 
.568 r e m * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

* * * * * * * * * * * * * * * 
•-69 rem 
511 p r i n t " g E H Z t * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * " } 

.512 p r i n t " * *".; 

.513 p r i n t " * PROGRAM FOR AUTOMATED DATA TAKING *".; 
;i 4 p r i n t " * ON THE VSM * " ; 
;15 p r i n t " * *",; 
116 p r i n t " * c o p y r i - j i h t S. N. M. WILLCOCK J u l y 1933 *".,-
117 p r i n t " * * " . J 

.513 p r i n t " * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * " 
520 p r i n t " 3 U T h i s pro-jira/ft w i l l c o n t r o l t h e o p e r a t i o n o t a n d t a k e 
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cJata. t r o m t h e ".; 
1530 p r i n t " V S M a n d H e i y p o r t Poi.uer S u p p l y s y s t e m . " 
1 5 3 5 p r i n t " " 
1 540 p r i r i t " l R | E ; e + o r e c o n t i n u i n - y p le.ase make s u r e t h a t y o u a r e 

+u I l y + a/i-ii l i a r - " ; 
1550 p r i n t " i . M i t h t h e o p e r a t i o n o t t h e N e w p o r t Potuer S u p p l y a. 

nd t h e o t h e r ".; 
1560 p r i n t " i t e m s o t ar^r-'-aj-"--situs a s s o c i a t e d l u i t h t h e VSM. " 
1570 p r i n t " S 1 I M F 0 R T R N T : P L E A S E NOTE THRT THE MR IN R E V E R S I N G RE 

LRV W I L L NOT TAKE "; 
1530 p r i n t " f l CURRENT OF 2 0 RMP3 FOR MORE THRN HRLF RN HOUR." 
1590 p r i n t " S I U ' ; h i t s p a c e b-a^- t o co n t i n u e : . - " ; 
1 6 0 0 c i e t a * : i +a.-*= " " t h e n 1 6 0 0 
1601 i-faj5C<a.-* ><::-32thenl600 
16 1 0 p r i n t " a O U T h e pro-stra/ci a s s u m e s t h a t t h e B e l l i i a . u s s m e t e r i 

s s e t i n i t i a l l y " .; 
1 6 2 0 p r i n t " a n d r e m a i n s u n a l t e r e d t h r o u c i h o u t t h e e x p e r i m e n t , fl I l o 

t h e r p e r i p h e r a l s "t 
1630 p r i n t " a r e u n d e r compt-jter c o n t r o l . " 
1 6 4 0 p r i n t " E l M I T h e o p e r a t o r m u s t d e c i d e t h e ma:>cimum e x t e r n a l t i e 

I d •;: H e x t > "; 
1650 p r i n t " t h a t h e / s h e w i s h e s t o o b t a i n a n d m u s t s e l e c t t h e 

â :' p r- o p r i a. t e " t 
1660 p r - i n t " s c a l e on t h e - g a u s s m e t e r . " 
1670 p r - i n t " S l M J T h e pro'urajii w i l l alloM.i t h e o p e r a t o r t o s p l i t t h e r a 

ri'Sie -from O " ; 
1630 p r i n t " t o H e x t g a u s s i n t o t h r e e r e - j i i o n s arid t o s p e c i f y t h 

e d e n s i t y a t " .t 
1 6 9 0 p r i n t " w h i c h r e a d i n - i i s a r e t a k e n i n e a c h o t t h e s e r e - g i o n s . T 

he s m a l l e s t " 
1700 p r i n t " s t e p i n - f i e l d a v a i l a b l e w i t h t h e p r e s e n t s y s t e m i s 
3 g a u s s . " 
1 7 1 0 p r i n t " 2 U U T h e - f u n c t i o n s e t t i n g s on t h e 5 2 0 6 L o c k - I n a/up I i - f i e 

r a s s e l e c t e d "; 
1720 p r i n t "by t h e p r o g r a j f i caj-i b e d i s p l a y e d a^'id a l t e r e d i-f 
r e - H u i r e d . " 
1730 p r int"SlftMlJ'>hi t s p a c e b a r t o continue.".* " 
1740 g e t a J : : i -f a*= " " t h e n 1740 
1741 i t as.c >: a * > 0 3 2 t h e n 1 7 4 0 
1 7 5 0 p r i n t " i a M I T h e M-H d a t a w i l l foe s t o r e d on d i s k a t t h e e n d o-f t 

he pr-ogr- a/i-i r " " 
1760 p r i n t " s o p l e a s e e n s u r e t h a t a s u i t a J c i l e d i s k i s p l a c e d i n d r 

i v e 1 o-f t h e " 
1761 p r i n t " d i s k d r i v e . " 
1770 p r i n t " S l M J T h e v a l u e s o-f M a r e t a k e n t o b e t h e v a l u e o-f C h a 

n n e l 1 o-f t h e " ; 
1730 p r i n t " 5 2 0 6 -arid t h e s e r e a d i n g s a r e s t o r e d o n d i s k i n u n i t s o-f 
vo I t s . " 
179 0 print" S W L E!e-fore l a u n c h i n g i n t o t h e MR IN PROGRRMallow t h e Be 

I I g a u s s - m e t e r .r " 
1300 p r i n t " t h e 5 2 0 6 L o c k - I n a n d t h e N e w p o r t Power S u p p l y < w i t h 
g e n e r a t o r "; 
1810 p r i n t " r u n n i n g u n d e r m a n u a l c o n t r o l > a t l e a s t h a l - f aj--i hour- t 

o war m Ljp. " 



210 -

1 8 1 5 print"Elft|MaJ-::e s u r e t h a t t h e - y a u s s m e t e r i s on c e n t r e z e r o 
s c a l e a n d i s s e t " .? 
1 3 1 6 p r i n t " t o t h e NOR s e t t i n - y . A l s o P l e a j s e e n s u r e th.at t h e Ha 

I I p r o b e i s a. liM-aj-'s " .? 
1 8 1 7 p r-- i r-i t " i h-i s e r-1 e i:i w i t h t h e + m at- k i n --j t a c i n 'LI t h e c o i I c o n n e c t e d 

t o t h e BLACK " .; 
1 8 1 3 p r i n t " s u p p l y l e a d . " 
1 8 2 6 p r i n t "SI-:; h i t sp-ace b-ar- t o L a u n c h i n t o MAIN PROGRAM 
1 8 3 0 c i e t a * : i taJ:= " " t h e n 1 8 36 
1 8 4 6 i t as: c •:: a * :> O S 2 1 h e n 18 3 6 
1 8 5 0 r e t u r n 
2 0 0 0 rem 
2 0 0 1 r e m * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

* * * * * * * * * * * * * * * 
2 0 0 2 rem 
2 0 0 3 rem 
2 0 0 5 rem " S E T T I N G ZERO CURRENT" 
2 0 0 6 rem 
20vli7 r em 
2 0 0 8 rem 

* * * * * * * * * * * * * * * 
2 0 0 9 rem 
2 6 1 0 p r i n t " i s E E l l f 5 E T T I N G ZERO CURRENT" 
20 1 1 pr - i n t # 9 . , " - ^ - l " :rem +1 m e a n s t l u k e r e a d s y o Ita-ii e a c r o s s s h u n t 

r e s i s t o r 
2 0 2 0 p r i n t " S U l M M F i d . j u s t t h e lockaJci l e p o t e n t i o m e t e r on t h e N e w p o r t 
SOjpp l.y i j n t i I " 
2 0 3 0 p r i n t " a r e a d i n - i i o t l e s s thai^-i 6 . 0 0 5 mV i s o b t - a i n e d on t h e 
F l u k e ".; 

2 0 4 0 p r i nt"Mu 11 i m e t e r . " 
2 0 5 0 print" S l l f'1-ake s u r e th-at t h e L o - j i i c a n d CL»--rent a r e i n t h e F 

ORNARD s t . a t e a n d " 
2 0 6 0 p r i n t " t h a t a l l c o n n e c t i o n s t r o m t h e N e w p o r t C o n t r o l Un 

i t t o t f-ie M i n i c a/n " 
2 0 7 0 p r i n t " a r e made. " 
2 0 8 0 p r i n t " S l U S W I T C H TO COMPUTER CONTROL" 
2 0 9 0 print" S E E U L i J < h i t s p a c e bar- t o c o n t i n u e >" 
2 0 9 5 oios.ub3000 :rem t r i c i - y e r t l u k e e x t e r n a l l y 
2 1 0 0 •2iet.a$ : i t a * = " " t h e n 2 0 9 5 
2 2 0 0 i t as-. c'-.3.$y< :> 3 2 1 h e n 2 O 9 5 
2 2 0 1 b = t i : p r i n t " 3 " 
2 2 0 2 i 1 1 i -b--:60then2202 
2 2 1 0 p r i n t # 9 . , "-1 " :rem -1 m e a n s t l u k e r e a d s v o l t a g e o/p t r o m b e l l 
•2ia.i.jssmeter 
2 2 2 6 a;-;= 12 : c=usr- < 5 > : i t a b s < c > > 1 OOOthen l o * = " Forwa/-d " : •:ioto2300 
2 2 3 0 l o t = " R e v e r s e d " 
2 3 0 0 r e t u r n 
2 5 0 0 rem 
2 5 0 1 r e m * * 

* * * * * * * * * * * * * * * 
2 5 0 2 rem 
2 5 0 3 rem 
2 5 0 5 rem " S E T T I N G UP B E L L GAUSSMETER" 
2 5 0 6 rem 
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2 5 0 7 rem 
2 5 0 3 r e m * * * * * i f * * * * * * * * * * * i + ; * * * * * * * * i * * * * i f * * * * * * * * * * * * * * * * * * * * * * 

* * * * * * * * * * * * * * * 
2 5 0 9 rem 
2 5 1 0 p r i n t " i = E m j | W 5 E T T I N G UP B E L L GRUSSMETER" 
2 5 1 1 p r i n t # 9 . , "-1 " 
2 5 2 0 p r i n t "STZlMFidJust t h e c a l i b r a t i o n o t t h e g a u s s m e t e r 

u n t i I a r e a d i n g ".; 
2 5 3 0 p r i n t "o-f 1. OOO V i s o b t a i n e d on t h e F l u k e . " 
2 5 4 0 p r i n t "21MF'l-3ce t h e H a l l p r o b e i n t o t h e z e r o g a u s s cha/nbe 

r- aricJ s e t t h e ".; 
2 5 5 0 p r i n t " o u t p u t t o z e r o u s i n g t h e z e r o a d j u s t c o n t r o l s . Mal-;e 
s u r e t h a t t h e " ; 
2 5 6 0 p r i n t " c o a r s e z e r o suppressi":3>-i s w i t c h i s OFF. " 
2 5 6 5 p r i n t " l i U J T u r n c o a r s e z e r o s u p p r e s s i o n s w i t c h t o O p o s i t i o n a 

n d n o t e r e a.d i ri g o n'' ; 
2 5 6 6 p r i n t " F l u k e . " 
2 5 7 0 p r i n t " Z l T ' o e s r e a d i n g e-Hual z e r o v o l t s ''y or- n > ? " :r-em a r i t i c i 

p a t i n g z e r o o - f t s e t 
2 5 7 5 gosubSOOO 
2 5 3 0 g e t a * : i t a * = " " t h e n 2 5 7 5 
2 5 9 0 i t a . * = " y " t h e n 2 6 1 0 
2 6 0 0 p r i n t " S l E n t e r z e r o o t - f s e t o-f g a u s s m e t e 

r < v o I t s > : " ; : i npcjtx.: 1 
2 6 1 0 p r i n t " i = E l l F ' l e a s e e n t e r : " 
2 6 2 0 p r i n t " I T E l l M f B e l e c t e d rai-ige o-f g a u s s m e t e r 

< i n g a u s s > : " ; 
2 6 3 0 i n p u t g O 
2 6 4 0 i -f i n t •:: gO/S > * 3 = g 0 t h e n g 0 = g 0 / 3 * s - : t r < 10 > 
2 6 5 0 p r i n t " SclMfla^:: i mtJm He>it r e---\u i r e d : " ; : i nputhm 
2 6 6 0 p r i n t " S T E T v ' a l u e s -for b o u n d a j - i e s bet'.Meen - f i e l d r e g i o n s 1 •!•'•: 
2 a n d 2 $< 3 : " ; 
2 6 7 0 i n p u t h 2 r h 3 
2 6 8 0 pr-int"STEt-Jo. o-f e ' : i u a l l y s p a c e d r e a d i n g s t o be t a k e n i n r e 

g i o n s l r 2 A 3 : " ; 
2 6 9 0 i n p u t n 1 n 2 .r n 3 
2 7 0 0 p r i n t " S E U E l M t ' o y o u w i s h t o c h e c k t h i s d a t a 

< y o r n > : "; 
2 7 1 0 i n p u t a * : i t a * = " n " t h e n 2 3 5 0 
2 7 2 0 p r i n t " i s E E l l f ' 1 a x i m u m H e x t ;" 
2 7 2 5 p r i n t " ZWLMMMMMi" hro " g a u s s 
2 7 3 0 p r i n t " 2 n E l U r v ' a l u e s -for- b o u n d a r i e s : " 
2 7 3 5 p r i n t " S U I U I M U " h 2 " $<" h 3 " g a u s s " 
2 7 4 0 p r i n t " S E l M f - < o . o-f r e a d i n g s i n r e g i o n s : " 
2 7 4 5 p r i n t " Z 1 1 1 U 1 U J " n 1 " " n 2 " " n 3 
2 7 5 0 p r i n t " S U E E E E E l J U = l n y a l t e r a t i o n s < y o r n ::•:"; 
2 7 8 0 i n p u t a * : i -f a*= " y " t h e n 2 6 1 0 
2 3 5 0 r e t u r n 
3 0 0 0 rem 
30 0 1 r e m * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

* * * * * * * * * * * * * * * 
3 0 0 2 rem 
3 0 0 3 rem 
3 0 0 5 rem " S E T T I N G UP 5 2 0 6 L O C K - I N R M P L I F I E R " 
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3 0 0 6 rem 
3 0 0 7 rem 
3 0 0 8 rem*******^ 

* * * * * * * * * * * * * * * 
3 6 6 9 rem 
3 6 1 6 p r i n t " , i E l f 3 E T T I N G UP 5 2 6 6 L O C K - I N A M P L I F I E R " 
3 0 2 0 p r i n t " S T E l J M P le-as-e p r e s s t h e S E N S I T I V I T Y k e y b r i e t l y whi 

l e t h e S E L E C T k e y ".: 
3 0 3 0 pr- i n t " i s p r e s s e t o per-1or m a ciei c e c Iear-. '' 
3 0 4 0 p^- i n t " SUHU< h i t s P a c e ban- t o c o n t i r i e > '' 
3 0 5 0 •2ieta-.f : i t a * = " " t h e n 3 0 5 0 
3 0 6 0 i tas-.c < s:$ ':• < > 3 2 t h e n 3 0 5 6 
3 0 7 0 p r i n t " S T E l M I T h e t r o n t p a n e l k e y s h a v e now b e e n d i s a b l e d " 
3 0 8 0 p r i n t " S l B f T h e 5 2 0 6 i s b e i n - a i r r i t i a . l i s e d a n d s e t t o pr-edeterm 

i n e d t n c t i o n ''.? 
3 0 8 5 p r i n t " s e t t i n ' : i s , " 
3 0 9 0 p r i r i t # 1 0 . , " c 1 3 " : b = t i : r - e m d e t i n i n g c a r r i a - a e r e t u r n as: t e r m i n 

a t o r 
3 0 9 5 i t t i - b < 6 0 t h e n 3 0 9 5 
3 1 0 0 p r i n t # 1 0 . , " t 5.,0" : b = t i :rem s e t t i n - n t i m e c o n s t - a n t $< d b / o c t a v e 
3 1 0 5 i t t i - b < 6 0 t h e n 3 1 0 5 
3 1 1 0 p r i n t # 1 0 . , " a l l " : b = t i : r - e m a u t o - r a n c i e on 
3 111 i t t i - b < 6 0 t h e n 3 1 1 1 
3 1 1 2 p r i n t # 10., " I 1 7 " : b = t i : r em s e t t i n n a u t o - I i m i t 
3 1 1 3 i t t i - b-i:60then3113 
3 1 1 4 p r - i n t # 1 0 . , "M.I l " : b = t i : r e m d i s a i : - l i n ^ i t r o n t k e y c o n t r o l s 
3 1 1 5 i t t i - b < 6 0 t h e n 3 1 1 5 
3121 m$= " CH1 " : 11 " Z e r o a/-id o t t " : 12*= " H i •:ih s t a b " : 13*= " Aud i o " : 14 

* = " E x t . F " 
3 1 2 2 15$= " 0 d e l - t r e e s " : \G$= " 3 0 0 ms " : 17*= " 1 2 " : I S * = " any " : 19*= " A u t o r a 

n-ye" : i0:*:=";-:., V" 
3 1 2 3 i l * - " O t t " : i2*:=" 10 m i c r o v o l t s " 
3 1 3 0 pr-int"SrElMJLio y o u u i i s h t o i n s p e c t t h e s e 

y or- n .> :" 
3 1 3 1 10*= "CH 1 " : 11 " Z e r o a n d o t t " : 12*= " H i --jh s t a b " : 13*=" A u d i o" : 14 

* = " E x t . F " 
3 1 3 2 15*= "0 d e - a r e e s " : 16*= " 3 0 0 ms" : 17* = " 12 " : 18*= " a n y " : 19*= " A u t o r a 

n-2ie" :i0*="X.,V" 
3 1 3 3 i 1 $ = " O t t " : i 2*="16 m i c r o v o I t s " 
3 1 3 5 i n p u t a * : i t a * = " n " t h e n 3 9 9 9 
3 1 4 0 p r i n t " a u t i i s p l a y : " .: l O * 
3 1 5 0 p r i n t " | J U : - H l O t t s e t : ".,-11* 
3 1 6 0 p r i n t " l l F e s e r v e : ".,-12* 
3 1 7 0 p r i n t " i a F b . a n d : ".,-13* 
3 1 8 6 p r i n t " l l F . ' e t e r e n c e : " 14-* 
3 1 9 0 p r i n t " l l F h a s : e : " .? 15* 
3 2 0 0 p r i n t " I U T i m e c o n s t a r r t : ".? 16* 
3 2 1 0 print"|JU':JB/oct.a'...'e : ".,-17* 
3 2 2 0 p r i n t " U U S e n s i t i v i t y : " .; 18* 
3 2 3 0 p r i n t " l l F l u t o - F u n c t i o n s : " 1 9 * 
3 2 4 0 p r i n t " U U O u t p u t mode : " . ; i 0 * 
3 2 5 0 p r i n t " l l E x p 3 n d : " ; i l * 
3 2 6 0 p r i n t " | J U = l u t o - l i m i t : " . i : i 2 * 
3 2 7 0 p r - i r i t . " S U E l l H o w many o t t h e s e t u n c t i o n s do .vou w i s h t o a I 
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t e r 0 -13 > : " ; 
::;230 i r. p u t n : i t n =01 h e n 3 9 9 9 
3 2 9 0 t o r i = 1 t o n 
3 3 0 0 p r i n t'' i l H J < l - ' D i s p I s.y 
3301 p r int"IMI'-2> C H I O t t s e t 
3 3 0 2 p r- i n t'' |MJ '•• 3 R e s e f - v e 
3 3 0 3 print " U J<4:> F b a n d 
3 3 0 4 p t- i n t " H i 5 ;:• R e t e r e n c e 
3 3 0 5 p r i n t " U U < 6 > P h a s e 
3 3 0 6 p r - i n t " | l U ^ 7 > T i m e c o n s t a n t 
3 3 0 7 print."iaJ<8.'-> d B / o c t a . v e 
3 3 0 8 p r i n t "IMI'-.'9.> fluto-Funct i cms 
3 3 0 9 p r- i n t " H J 10 i:- S e n s i t i •..» i t 
3 3 1 0 p r i n t " UU< 11 •> Oi.4tpt.jt mocJe 
3 3 1 1 p r i n t " I I K 12 ;:• E:>cpand 
3 3 1 2 p r i n t " HJ'-: 13 > Ri.4to- I i m i t 

: " ; 10 -̂  
" ; 11 * 
" ; 12* 
" ; 13 -* 
" ; 14^: 
" ; 15*: 
" ; 16* 
"; 17* 
" ; 19* 

: " ; 13* 
L " ; i O * 
: " ; i l * 
: " ; i 2 * 

3 3 2 0 p r i n t " E T E : E ^ l | . J h i c h o-f t h e s e do y o u w i s h t o a l t e r < 1-13 ::• : 
" ; : i n p u t n - i 
3 3 2 1 rem p o s s i b l e o p t i o n s t o r e a c h f u n c t i o n f o l l o w 
3 3 2 2 i f n 4 > 1 t h e n 3 3 2 6 
3 3 2 4 aO* •:: 0 ;> = " CH1 " : aO* C 1 > = " CH2 " : aO* < 2 > = " PHRSE " : aO* •:: 3 .:• = " CH1 O f f s e t 

3 3 2 5 aO* < 4 > = " I n t . f re^n" : -̂ .O* < 5 ••• = " R'-ix " : n5=5 : g o t o 3 3 8 0 
3 3 2 6 i f n 4 > 2 1 h e n 3 3 3 0 
3 3 2 3 .a0*'::0::' = "O-lOOO f o r Nl arid 0-2 f o 

r N2":n5=0 
3 3 2 9 g o t o 3 3 S 0 
3 3 3 0 i f n 4 :> 3 1 h e n 3 3 3 4 
3 3 3 2 aO* < 0 > = " H i gh r e s " : aO* 1 = " Norma I " : aO* 2 > = " H i gh staJc." : n5=2 : g 

o t o 3 3 3 0 
3 3 3 4 i f n 4 > 4 t h e n 3 3 3 3 
3 3 3 6 .aO* >: 0 .:• = " B r o ad b a n d " : aO* < 1 > = " Ri.4d i o " : aO* 2 > = " Low " : n5=2 : g o t o 3 3 

SO 
3 3 3 3 i f n 4 > 5 t h e n 3 3 4 2 
3 3 4 0 a 0 * < O > = " 1 0 0 - 1 0 0 0 f o r N l a n d 0-7 f o 

r N2":n5=0 
3341 g o t o 3 3 S 0 
3 3 4 2 i f n 4 > 6 t h e n 3 3 4 6 
3 3 4 4 a0*<O> = " 0 - 3 f o r N l arid 1 0 0 - 3 9 0 0 f 

o r N2" :n5=0 
3 3 4 5 g o t o 3 3 8 0 
3 3 4 6 i f n 4 : > 7 t h e n 3 3 5 0 
3 3 4 8 a0*<O> = " 0 - l O f o r N l ar-id 0-1 f o r N2 

" : n 5 = 0 : g o t o 3 3 3 0 
3 3 5 0 i f n 4 > S t h e n 3 3 5 4 
3 3 5 2 a.0*<O::' = "O-lO f o r N l a n d 0-1 f o r N2 

" : n 5 = 0 : g o t o 3 3 3 0 
3 3 5 4 i f n 4 > 9 t h e n 3 3 5 3 
3 3 5 6 aO* < O > = " R u t o s e t " : a.O* < 1 > = " R u t o - o f f s e t " : aO* < 2 :> = " flutonorma I i s e 

3 3 5 7 a 0 * 3 = " R u t o p h a s : e " : aO* < 4 ;:• = " R 11 o f f " : n5=4 : g o t o 3 3 3 0 
3 3 5 3 i fn4:;-10then3362 
3 3 6 0 a.0*<O."> = " 0 - 2 0 f o r N" :n5=0 : g o t o 3 3 8 0 
3 3 6 2 i f n 4 > 1 1 t h e n 3 3 6 6 
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3 3 6 4 aO* = " X., V " : aO* 1 > = " R., T h e t a " : aO* < 2 > " loviR., Theta." 
3 3 6 5 .a.0*3 ;> = " X.., V < phas-e l o c k e d > " :n5=3 :-3oto3380 
3 3 6 6 i t r-( 4 > 121 h e n 3 3 7 O 
3 3 6 3 a.0*'::0> = " O t t " :a0*'; 1 ::' = " 0 n " :n5=l :-3oto3330 
3 3 7 0 .3.0*'•:0::' = " 0-20 t o r N" :n5=0 
3 3 3 0 p r i n t " sEUtlHMJO p t i o n s a n e : ZUS^'' 
3 3 9 0 i t n 5 Ot^-|eri3410 
3 4 0 0 pr- i n t " liMMfr^iMMeMiBMlllHn-t i onJEI" 
3 4 1 0 t o r .1 = 0 1 o n 5 
3 4 2 0 p r i n t " U U " ..i " lEllAMEAll" a O * . j :;• 
3 4 3 0 n e x t . j 
3 4 4 0 i t n 4 = 2 t h e n 3 4 5 0 
3 4 4 1 i t n 4 = 5 t h e n 3 4 5 6 
3 4 4 2 i t n 4 = 6 t . h e n 3 4 4 7 
3 4 4 3 i t n 4 = 7 t h e n 3 4 5 0 
3 4 4 4 i t n 4 = 8 t h e n 3 4 5 0 
3 4 4 6 p r i r i t " E E U E n t e r r e - q u i r e d v a l u e t o r N : " : i n p u t r i 6 * :':ioto346vIi 
3 4 4 7 pr-int"STEnSTEnter r - e c i u i r e d p h a s e i n de-:irees : " : i n p u t p * 
3 4 4 3 n 6 * = s t r * •:: i n t < v a I < p * > .-•90 .•> > : r i 7 * = s t r * < 4 0 * v a I •:: p * > .•' - < 3600*'...'a I n 

6*:;- ::'+200> 
3 4 4 9 •3oto3460 
3 4 5 0 p r i n t " S U E H n t e r r-e-:tuir-ed v a l u e s t o r Nl a n d 
N2 : " .? ; i nput.n6* .,n7* 
3 4 5 5 rem s e l e c t i r r j i c o r r e c t m e s s a i i e t o s e n d t o l o c k - i n t o r r e ' ^ u i r 

e d s e t t i n - i i 
3 4 6 0 i t n 4 < : > 9 t h e n 3 4 7 0 
3461 i t n 6 * = " 0 " t h e n n 6 = v a I <n6* : I9*=.a.0* < n6 > : n6*= " a 2 1 " 5 •:ioto3470 
^3462 i t n 6 * = " 1 " t henn6=v-a I <n6*> : I 9 * = a 0 * < n 6 > :n6*= " a 3 " :•:ioto3470 
'3463 i t n 6 * = " 2 " t h e n n 6 = v a I < n 6 * > : I 9 * = a 0 * n6 > :n6*= " a.4 1 " : <?oto3470 
3 4 6 4 i t n 6 * = " 3 " t h e n n 6 = v . a I •:; n 6 * .:• : I 9 * = a 0 * < nS ':> : n6*= " a 7 " : •:ioto3470 
3 4 6 5 i t n 6 * = " 4 " t h e n n 6 = v - a I < n 6 * > : V3*=.a.0* \ n6 > : n6*= " a l 6 " 
3 4 7 0 i t n 4 > 1 t h e n 3 4 8 0 
3 4 7 5 n6=v.a I •;:n6*.:• : I0*=a.0* < n6> :n6*= "d " +n6* :•2ioto3900 
3 4 3 0 i t n 4 > 2 t h e n 3 4 9 0 
3 4 8 5 11 *= "Ran-:ies " +n6*+ " a n d " +n7* sn6*= "o " +n6*+" ., " +n7* :•noto3900 
3 4 9 0 i tn4::--3then3500 
3 4 9 5 n 6 = v a I <n6* > : I 2 * = a.0* i n 6 > s n6*= " r " +n6* ; •3oto3900 
3 5 0 0 i t n 4 > 4 t h e n 3 5 1 6 
3 5 0 5 n6=va. I <n6* > : I 3 * = a 0 * < n 6 > :n6*= " t " +n6* :•2ioto3900 
3 5 1 0 i t n 4 y 5 1 f - i e n 3 5 2 0 
3 5 1 5 14*= "Ran-iies " +n6*-+-" a n d " +n7* :n6*= "..i " +n6*-4-" ., " -4-n7* :•3oto3900 
3 5 2 0 i t n 4 > 6 t h e n 3 5 3 0 
3 5 2 5 15*=" "-+-P* :n6*="p "-+n6*+" ., "•+-n7* :-:ioto3900 
3 5 3 0 i t n 4 > 7 t h e n 3 5 4 0 
3 5 3 5 16*= " Ra;-io(e " +n6* sn6*= " t " +n6*-^-" ., " +n7* :•2ioto3900 
3 5 4 0 itn41;--81hen3550 
3 5 4 5 l7*="Ra/-.'2ie "-^-n7* :n6*=" t "+n6*+" "+n7* :-3oto3900 
3 5 5 0 i t n 4 > 9 t h e n 3 5 6 0 
3 5 5 5 oiotoSgO© 
3 5 6 0 i t n 4 > 1 0 t h e n 3 5 7 0 
3 5 6 5 l3*="Rar-|Ote " + n 6 * : n 6 * = " s "-i-n6* s•:ioto3900 
3 5 7 0 i t n 4 > 1 1 t h e n 3 5 S 0 
3 5 7 5 n 6 = v a I <•. n 6 * > s i 0 * = a 0 * <. n 6 > : n6*= " m " +n6* : •jioto3900 
3 5 8 0 i t n 4 > 1 2 t h e n 3 5 9 0 
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3 5 3 5 n 6 = . a I n 6 * ^ : i 1 * = aO * < n 6 > : n 6 * = " >:.- " -i- r-i 6 * : g o t o 3 9 0 0 
3 5 9 0 i2*="R.arige "->-n6* :n6*=" I "-^n6* 
9 0 0 p f- i n t # 10 r n 6 * : r e m s e n d i n g c o r- r- e c t s e 11 i n g m e s s a g e 

3 9 1 0 n e x t i 
3 9 2 0 p r i n t " S T E l ^ r e t h e f u n c t i o n s e t t i n g s now c o 

r r e c t K y o r n :> :"; 
3 9 3 0 i n p u t a * : i f a.*= " n " t h e n S 140 
3 9 9 9 r e t i . j r n 
4 0 0 0 rem 
4 0 0 1 r e m * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

* * * * * * * * * * * * * * * 
4 0 0 2 rem 
4 0 0 3 rem 
4 0 0 5 rem "CHECKING C V C L I C S T R T E RfCi PHRSE OF 5 2 0 6 " 
4 0 0 6 rem 
4 0 0 7 rem 
4 0 0 8 r e m * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

* * * * * * * * * * * * * * * 
4 0 0 9 rem 
4 0 1 0 print"4S»::HECKING C V C L I C S T R T E RND PHRSE OF 5 2 0 6 " 
4 0 2 0 p r i n t " i l E l j y L F ' l a c e H a l l p r o b e i n f i e l d ga^:-. " 
4 0 3 0 p r i n t " S m i M F l a c e s a m p l e i n VSM a n d s w i t c h m o t o r o n . " 
4 0 4 0 print"SUE1MM1J< h i t s p a c e b a r t o c o n t i n u e >" 
4 0 5 0 get.a.* : i f a*= " " t h e n 4 0 5 0 
4 0 6 0 i f a s c <a* > < > 3 2 t h e n 4 0 5 0 
4 0 7 0 p r i n t " a e t i i M I T h e progr-a/ii i s c h e c k i n g f o r a. c y c l i c s t a t e a n d 

r e d u c i n g CH2 "; 
4 0 3 0 p r i n t " o u t p u t t o z e r o by a l t e r i n g t h e p h a s e . " 
4 0 9 0 p r i n t # 9 . , "-1 " 
4 0 9 1 b = t i 
4 0 9 2 gosubSOOO 
4 0 9 3 i f t i -b<: 1 2 0 t h e n 4 0 9 2 
4 1 0 0 .ay-;=46 :n';= 150 : t';= 1 : a=usr-< 1 > :rem i n c r e a s i n g c u r - r e n t 
4 1 1 0 b = t i 
4 1 2 0 i f t i - b < 6 0 t h e n 4 1 2 0 
4 1 4 0 gosubSOOO 
4 1 5 0 h0=< v a l < a * : : ' - x l >*g0 :rem h 0 = f i e l d v a l u e <ga.uss> 
4 1 6 0 i f h 0 < h m t h e n 4 1 O O 
4 1 7 0 p r i n t # 1 0 . , "d l " : r e m d i s p l a y c h a n n e l 2 
4 1 3 0 b = t i 
4 1 9 0 i f t i -b<:60Othen4190 
4 2 0 0 poke7G0,, 10 ;rem d e v i c e a d d r e s s 
4 2 0 2 p r i r i t # 1 0 . , " z " :r-em r e ' : t u e s t f o r s t a t u s - r e p l y = 32 i f l o c k - i n 
s e t t l e d 
4 2 0 4 s y s 4 0 7 1 4 : i f p e e k ' ; 7 0 2 > = 1 6 O t h e n 4 2 0 8 :r-em m/code s e r i a l p o l l -t- r 

e s p o n s e 
4 2 0 5 i f p e e k 7 0 2 > = 1 4 4 t h e n 4 2 0 8 
4 2 0 6 i f p e e k <702> = 1 7 6 t h e n 4 2 0 S 
4 2 0 7 i f peek<702.'><>12Sthen42O4 :rem s e r i a l p o l l r e s u l t 
4 2 0 8 i n p u t # 1 0 a * : i f s t < > 6 4 t h e n 4 2 0 8 
4 2 2 0 i f v a I < a * > = 3 2 t h e n 4 2 3 0 
4 2 2 2 i f 19*= " Rutora/-.ge " t h e n 4 1 SO 
4 2 2 3 p r i n t # 1 0 ^ " a 2 O " : b = t i : r e m a u t o s e t o f f 
4 2 2 4 i f t i - b < : 6 0 t h e n 4 2 2 4 
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4 2 2 5 p r i n t # 10 , " a 4 0 " : b = t i : r e m -3.u t o ri o r m a I i s e o f f 
4 2 2 6 i f t i - b < 6 0 t h e n 4 2 2 6 
4 2 2 7 p r i ri t # 1 0 " a. 1 1 " : r• e m ai.j t o r an g e o n 
4 2 2 3 g o t o 4 1 S 0 
4 2 3 0 p r- i n t # 1 0 " a. 1 O " : r e m a.i.J t o r an g e o f f 
4 2 4 0 b = t i 
4 2 5 0 i f t i - b < 6 O t h e n 4 2 5 0 
4 2 5 5 p r i n t " S T Z F t u t o p h a s i n g re':iL4i r e d : " ; : i npi.jtph* : i f ph*= "n " t h e n 4 3 3 0 
4 2 6 0 f o r i = l t o 2 0 
4 2 7 0 poke7O0., 10 :rem d e v i c e a d d r e s s 
4 2 7 2 p r- i n t # 1 0 ' ' -.i2 " : r e m r- e a d i n g c h -an n e I 2 
4 2 7 4 s y s 4 0 7 1 4 : ifpeek<702.':" = 1 6 O t h e n 4 2 7 3 :rem m/code s e r i a l p o l l -i- r 

e s p o n s e 
4 2 7 5 ifpeek':702:> = 1 4 4 t h e n 4 2 7 8 
4 2 7 6 i f p e e k < 7 0 2 .:• = 1 7 6 t h e n 4 2 7 8 
4 2 7 7 i f p e e k •:: 702> 0 1 2 8 t h e n 4 2 7 4 :rem s e r i a I po I I r e s u I t 
4 2 7 8 i n p u t # 1 0 a * : i f s t 0 6 4 t h e n 4 2 7 8 
4 2 9 0 •:i2=':t2-+-val'::a*> 
4 3 0 0 n e x t i 
4 3 0 5 g o t o 4 3 3 0 
4 3 1 0 ':t2=•:i2 / 2 0 : i f ak- s < •:i2 > <: 5 1 h e n4 33O 
4 3 2 0 •:t2=0:b=ti 
4 3 3 0 i f t i - b < 6 0 t h e n 4 3 3 0 
4 3 4 0 Pf- i n t # 1 0 " a 7 " : rem a u t o p h a s : i ng 
4 3 5 0 b = t i 
4 3 6 0 i f t i - b < 3 6 0 t h e n 4 3 6 G 
4 3 7 0 g o t o 4 2 6 0 
4 3 8 0 b = t i 
4 3 9 0 i f t i - b < 6 O t h e n 4 3 9 0 
4 4 3 0 p r i n t # 1 0 . , "d O" :rem d i s p T a y c h a n n e l 1 
4 4 4 0 ali-AT :rwi= 150 : t-r-;= 1 : a.=usr < 1 > :rem d e e r e-=<s. i n g c u r r e n t 
4 4 5 0 b = t i 
4 4 6 0 i f t i -b<:60then446O 
4 4 3 0 gosubSOOO 
4 4 9 0 ^•l o = a I a * > - X1 :;• * g 0 
4 5 0 0 i fhO>g0,-" 1 O t h e n 4 4 4 0 
4 5 1 0 p r i n t # 9 . , " - H " 
4 5 1 5 b = t i 
4 5 2 0 gosubSOOO 
4 5 3 0 i f t i -b<: 1 2 0 t h e n 4 5 2 O 
4 5 5 0 gosubSOOO 
4 5 6 0 i f v.a I < a * > >0. e 5 e - 3 t h e n 4 4 4 0 
4 5 7 0 g o s u b 9 O 0 0 
4 5 7 5 print"iE»::HECKING C V C L I C S T R T E RND PHRSE OF 5 2 0 6 " 
4 5 3 0 i f p h = l t h e n 4 S 9 0 
4 5 9 0 f o r i = l t o l 
4 6 0 0 p r i n t # 9 . , " - 1 " 
4 6 1 0 b = t i 
4 6 2 0 gosubSOOO 
4 6 3 0 i f t i - b < 1 2 0 t h e n 4 6 2 0 
4 6 4 0 a;-;=46 ; n';= 150 : t";= 1 : a=usr- < 1 .•' : rem i n c r e a s i ng c u r r e n t 
4 6 5 0 b = t i 
4 6 6 0 i f t i -b<:6Othen4660 
4 6 8 0 gosubSOOO 
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4 6 9 0 -̂lO= '•. '..•'a I •:: -a* :> ->:: 1 > *':i0 
4 7 0 0 i t a b s •;: hO .•' <hmtf-ien464O 
4 7 1 0 a'-:!=47 :riM=150 :t'-;=l :a.=usr<l> :r-em d e c r e a s i r r j i c u r r e n t 
4 7 2 0 b = t i 
4 7 3 0 i 11 i - b < 6 O t h e n 4 7 3 O 
4 7 5 0 ciosLJbSOOO 
4 7 6 0 h0= '...'a I a * > ->•: 1 *'2i0 
4 7 7 0 i t a b s h O :> > -n 0 ' 161 h e n 4 7 1 0 
4 7 8 0 p r i n t # 9 . , " + 1 " 
4 7 9 0 b = t i 
4 8 0 0 ciosubSOOO 
4 3 1 0 i t t i - b < 1 2 O t h e n 4 8 0 0 
4 8 3 0 -EiosubSOOO 
4 8 4 0 itv.a.l'::a.*.':'>0. 0 5 e - 3 t h e n 4 7 1 0 
4 3 5 0 •3osub9000 
4 8 5 5 print" S E»:;HECKING C V C L I C S T A T E AND PHASE OF 5 2 0 6 " 
4 8 6 0 n e x t i 
4 3 7 6 i t p h = 2 t h e n 4 9 8 6 
4 8 8 6 p h = l :'Hoto4090 
4 8 9 0 print" 5 E l M l|:;HECKING ZERO CURRENT" 
4 9 0 0 t-jf-i n t " gEBMlBBFlead.i u s t t h e s e t z e r o p o t e n t i o m e t e r u n t i I a. r e a 

din'ii o t l e s s " ? 
4 9 1 0 p r i n t " t h a n 0 . 0 0 5 mV i s o b t - a i n e d on t h e F l u k e M u l t i m e t e r . " 
4 9 1 5 print"2TSEmiMlJ< h i t s p a c e b a n t o c o n t i n u e :>" 
4 9 2 0 p r i n t # 9 . , " + 1" 
4 9 5 5 p r i n t # 4 . , c h r * <07.:•:gosubSOOO 
4 9 6 5 -get-a* : i t a * = " " t h e n 4 9 5 5 
4 9 7 0 i t a j s c < a * > 0 3 2 t h e n 4 9 5 5 
4 9 7 5 print " S E E l l F'='a.dirf--is o t M a n d H w i l l be t a k e n a . t t e r -anot 

h e r c o u p l e o t " .: 
4 9 3 0 p r i n t " e y e l e s . " 
4 9 8 5 ph=2 :-2ioto4590 
4 9 8 6 i 1 19*<>" Autoran-:ie-"then4988 
4 9 8 7 p r i n t # 1 0 . , " a l l " 5 r e m a u t o r ai-f-ie o n i t r e - H u i r e d 
4 9 8 8 b = t i 
4 9 8 9 i t t i - b < 6 0 t h e n 4 9 8 9 
4 9 9 0 r e t u r n 
5 0 0 0 rem 
5 0 0 1 r e m * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

* * * * * * * * * * * * * * * 
5 0 0 2 rem 
5 0 0 3 rem 
5 0 0 5 rem i n c r e a s : i n ' L i c u r r e n t , t o known h v a l u e 
5 0 0 6 rem 
5 0 0 7 rem 
5 6 6 8 r e m * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

* * * * * * * * * * * * * * * 
5 0 0 9 rem 
5 0 1 0 p r i n t # 9 . , " - l " 
5 0 1 1 p r i n t " aTEEEEEEETSl" 
5 0 1 2 r e s t o r e 
5 0 1 5 t o r i = 1 t o 1 e 6 : r e a d a * : i t a * < > " *2 " t h e n r r e x t 
5 0 1 7 t o r i = 7 0 6 t o 7 0 6 + 1 0 4 : r e adai:-: p o k e i ., ab : n e x t 
5 0 1 8 s y s 6 3 6 s r e m s c r e e n m e s s a c j e 
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5 0 2 0 b = t i 
5 0 2 5 g o s 1.4 b 3 O 0 O 
5 0 3 0 i f t i - b < 1 2 O t h e n 5 0 2 5 
5 0 4 0 -a'-;=4 6 : n";=s s : t T i = 1 : 5=us f <A :> : r• e m i ri c r• e a s i n g c L4 r- r e n t 
5 0 4 1 b = t i 
5 0 4 2 i f t i - b < 5 t h e n 5 0 4 2 
5 O 5 0 g o s ti 3 O O 0 
5 0 6 0 h 0 = < >• •' -a I >:. -a* > - x 1 :> * g O : P r i n t h O : s y s 6 3 6 
5 0 7 0 i f Bhs•:h0:>;:• gO* 1 . 3 1 h e n g o s u b 100O0 : r em f a i Iut-e P r o t e c t i o n 
5 0 7 5 i f ai:. s h 0 ::• > 12 5 O 0 1 h e n g o s u b 1 0 0 0 0 : r- e m f a i I u r e p r o t e c t i o n 
5 0 7 6 i f h 0 - h < O t h i e n 5 O 4 O 
5 0 3 0 r e t u r n 
5 5 0 0 rem 
550 1 r e m * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

* * * * * * * * * * * * * * * 
5 5 0 2 rem 
5 5 0 3 r em 
5 5 0 5 rem i n c r e a s i n g c u r r e n t t o known h v a l u e a f t e r - c h a n g e o v e r -
55vZi6 r em 
5 5 0 7 r em 
5 5 0 3 r e m * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

* * * * * * * * * * * * * * * 
5 5 0 9 rem 
5 5 1 0 p r i n t # 9 , " - l " 
5 5 1 1 p r i n t " a^i^ErEEUTO^" 
5 5 1 2 r e s t o r e 
5 5 1 5 f o r i = 1 t o 1 e 6 :re-ad-a* : i f .a.*<> " * 3 " t h e n n e x t 
5 5 1 7 for- i = 7 0 6 t o 7 0 6 - i - 1 0 4 :rea.dai:>:pokei -BJC : n e x t 
5 5 1 8 s i-' s 6 3 6 : r• e m s c r e e n m e s- s ag e 
'=--'=:-'0 b = t i 

gosi--ib3000 
5 5 3 0 i f t i - ti < 12 01 h e n 5 5 2 5 
5 5 4 0 .a;-;=46 : n;-i;=ss : tr-;= 1 : a = u s r < 1 > :rem i n c r e a s i n g c u r r e n t 
5 5 4 1 b = t i 
5 5 4 2 i f t i - b < 5 t h e n 5 5 4 2 
5 5 5 0 gosubSOOO 
5 5 6 0 h0= < 'v-'a I •:: a * > -:>:: 1 :.' *g0 : p r i n t h O : s y s 6 3 6 
5 5 7 0 i tabs'.: hO >>g0* 1. S t h e n g o s u b 1 OOvBO : rem f-a.i l u r e p r o t e c t i o n 
5 5 7 5 i f .aJ::'S':-h0>> 1 2 5 0 0 t h e n g o s u b 10000 srem f a i l u r e p r o t e c t i o n 
5 5 7 6 i f h 0 - h : > 0 t h e n 5 5 4 0 
5 5 3 0 r e t u r n 
60vZiO rem 
600 1 r e m * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

* * * * * * * * * * * * * * * 
6 0 0 2 rem 
6 0 0 3 rem 
6 0 0 5 rem d e c r e a s i n g c u r - r e n t t o known h v a l u e 
6 0 0 6 r em 
6 0 0 7 r em 
6 0 0 8 r e m * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

* * * * * * * * * * * * * * * 
6 0 0 9 r em 
6 0 1 0 p r i n t # 9 . , " - l " 
6 0 1 1 print " g 3 U E E E E E E E l " 
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6 0 1 2 r e s t o r- e 
6 0 1 5 t o r i = 1 t o 1 e 6 : r e a d a * : i t.a*<:> " *4 " t h e n n e x t 
6 6 1 7 t o r i = 7 6 6 t o 7 0 6 + 1 6 4 : r e a.dab :poke i ., ab : n e x t 
6 0 1 8 s s 6 3 6 : r- e m s c r̂- e e n m e s s a-y e 
6 0 2 0 b--=ti 
6 0 2 5 gosubSOOO 
6 0 3 0 i t t i -b-:." 1 2 0 t h e n 6 0 2 5 
6 0 4 0 s'i=47 : r i ' ; = s s : t = 1 : a= s r < 1 : r-em ecr-e as: i n y c u r r e n t 
6 0 4 1 b = t i 
6 0 4 2 i t t i - b < 5 t h e n 6 0 4 2 
6 0 5 0 -nosubSOOO 
6 0 6 0 h 0 = •:;.a I < -a* .:• - x 1 .•' * -si 0 : p r i n t h 6 : s .•:-• s 6 3 6 
6 0 6 5 rem l i n e s 6 0 7 6 - 6 1 6 0 t e s t t o ;see i t chan-geover I i k e l.y o r n e c 

e s s . a r y 
6 0 7 0 n0=nO+1 : i t n 0 = 1 0 t h e n 6 0 3 6 
6 0 8 0 i t a b s < hO>>':i0* 1 . 3 t h e n - y o s u b 1OOOO :rem t a i l u r e p r o t e c t i on 
6 0 8 1 i t a b s •:. hO .:• > 1 2 5 0 0 t h e n o t o s u b 1 OOOO : rem t a i lt.4re p r o t e c t i on 
6 0 8 2 i t h 0 > h t h e n 6 0 4 0 
6 0 8 5 •iioto6170 
6 0 3 6 i t a b s ••: hO > < 3 0 0 t h e n 6 0 9 0 
6 0 3 7 n O = 0 : i t h 0 > h t h e n 6 0 4 O 
6 0 8 3 '3oto6170 
6 0 9 0 p r i nt#9., " +1 " : n0=0 
6 1 0 0 b = t i 
6 1 0 5 iiosubSOOO 
6 1 1 0 i t t i - b < 1 2 0 t h e n 6 1 0 5 
6 1 2 0 'LiosubSOOO 
6 1 3 0 pr- i n t a.* : s y s 6 3 6 : i t v a I < a * > <0. 0 5 e - 3 t . h e n 6 1 6 0 : rem c o n d i t i o n t o r 

c h a n i i e o v e r -
6 1 4 0 i t h 0 > h t h e n 6 0 1 0 
6 1 5 0 •:ioto6170 
6 1 6 0 b * = " C h a n o i e o v e r n e e d e d " 
6 1 7 0 r e t u r n 
6 5 0 0 rem 
6 5 0 1 r e m * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

* * * * * * * * * * * * * * * 
6 5 0 2 rem 
6 5 0 3 rem 
6 5 0 5 rem d e e r eas: i rry ct.4r-r-ent. t o known h v a l t J e a t t e r c h a n ^ i e o v e r 
6 5 0 6 rem 
6 5 6 7 rem 
6 5 0 3 r e m * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

* * * * * * * * * * * * * * * 
6 5 0 9 rem 
6 5 1 0 p r i n t # 9 . , " - 1 " 
6 5 1 1 print"i=inSEUEEUEEl" 
6 5 1 2 r e s t o r e 
6 5 1 5 t o r i = 11o 1 e 6 : r e a d - a * : i t a * < > " * 5 " t h e n n e x t 
6 5 1 7 t o r i =706t.o706-»-104 : r e a d a b :poke i ., aki:ne.xt 
6 5 1 3 s y s 6 3 6 : r e m s c r e e n m e s s a g e 
6 5 2 0 b = t i 
6 5 2 5 -gosubSOOO 
6 5 3 0 i 1 1 i -b<: 1 2 0 t h e n 6 5 2 5 
6 5 4 0 a;-;=47 :n';=ss : t'i= 1 :a=u£r < 1 .•> :rem d e c r e a s : i not c u r r e n t 
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6 5 4 1 b = t i 
6 5 4 2 i f t i - b < 5 t h e r i 6 5 4 2 
6 5 5 0 gosubSOOO 
6 5 6 0 hO ='-..'-a I a * > ->••: 1 *g0 : pr- i nt^-|0 : s::--'s636 
6 5 6 5 rem l i n e s 6 5 7 0 — 6 6 6 0 t e s t t o s e e i f changeo'-.-'er I i L-ie Iv' or- n e e 

e s s a r - ^ -• 

6 5 7 0 ri0=riO-f-1 : i f r i 0 = 1 0 t h e n 6 5 3 6 
6 5 3 0 i f Bh s h 0 ::• > g 0 * 1 . 3 1 h e n g s 1.4 b 10 O O 0 : r- e m f a i I Lj r- e p r o t e c t i on 
653 1 i t a b s K hO > > 1 2 5 G 0 t h e n g o s u b 1OOOO s rem f-ai l u r e p r o t e c t i on 
6 5 3 2 i f h 0 <: ̂  11 h e t-i6540 
6 5 8 5 g o t o 6 6 7 0 
6 5 3 6 i f abs''. h0 <3OO t h e n 6 5 9 O 
6 5 3 7 nO=0 : i f h0-::hthen6540 

^ I-" t» - . . 10 O g o t o 6 6 7 0 
6 5 9 0 p r i n t # 9 r " -1-1 " : nO=0 
6 6 0 0 b = t i 
6 6 0 5 gosLjbSOOO 
6 6 1 0 i f t i -b<: 1 2 0 t h e r i 6 6 O 5 
6 6 2 0 gosubSOOO 
6 6 3 0 pr-i n t a * : s y s 6 3 6 : i f v-a I a*> <Q. 0 5 e - 3 t h e n 6 6 6 0 :rem z 0 n i t i 0 n f 0 r-

c h a n g e o v e r -
6 6 4 0 i f h 0 < h t h e n 6 5 1 0 
6 6 5 0 gcitc>6670 
6 6 6 0 b * = " C h an g e 0 v e r- n e e >:J e " 
6 6 7 0 r e t u r n 
7 0 0 0 rem 
7 0 0 1 r e m * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

* * * * * * * * * * * * * * * 
7 0 0 2 r em 
7 0 0 3 r em 
7 0 0 5 r e m r e c o r d i n g m and h v a l u e s 
7 0 0 6 r em 
7 0 0 7 rem 
7 0 0 3 r e m * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

* * * * * * * * * * * * * * * 
7 0 0 9 r em 
7 0 1 0 p r i n t # 9 " -1 " : y=y+1 : ' H I =0 :h9=0 : em=0 :eh=0 :rem y=no. o f r e a d i ng 

s s o f a r -
7 0 1 1 print"4ElSTSTEUUUEUl" 
7 0 1 2 r e s t o r e 
701 3 for- i = 11o 10 : h 9 < i > =0 : ' ^ l < i > =0 : ne:Kt 
7 0 1 5 f o r i = 1 t o 1 e 6 : r e a d - a * : i f a*<:> " * 1 " t h e n n e x t 
7 0 1 7 for- i =7061o706-^ 1 0 4 : r e a d a b : p o k e i ,r ab : n e x t 
7 0 1 8 s y s 6 3 6 : r e m s c r e e n mess-age 
7 0 2 0 b = t i 
7 0 2 5 gosubSOOO 
7 0 3 0 i f t i -b<::3O0then7025 
7 0 4 0 p o k e 7 0 O , 1 0 : r e m d e v i c e a d d r e s s 
7 0 4 2 p r i n t # 1 0 . , " z " 
7 0 4 4 s y s 4 0 7 1 4 : r e m m/code s e r i a l p o l l 
7 0 4 5 i f p e e k < 7 0 2 > = 1 6 0 t h e n 7 0 5 0 
7 0 4 6 i f p e e k < 7 0 2 :> = 1 4 4 t h e n 7 0 5 0 
7 0 4 7 i f p e e k <702 > = 1 7 6 t h e n 7 0 5 0 
7 0 4 8 i f p e e k < 7 0 2 > <> 123 t h e n 7 0 4 4 : rem s e r i a I p o l l r est.4 I t 
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7 6 5 0 i n p I. J t # 1 0 a * : i -f s t <: > 6 4 1 h e n 7 G 5 9 
7 e 6 0 i + a . 1 •:: a * > < > 3 2 1 h e n792Gi 
7-̂  m 7 0 f o l:.' e 7 0 0 r 10 : r- e m d e i c e a d f- e s s 
7 0 7 2 p t'- i n+# 10 r " 5 " : r e m r e ---lu e s t -f o r s <=• n s i t i ' i t v' s e t -t i n n 
7 0 7 4 s y s 4 0 7 1 4 : i+f:'eek'::702> = 160-fcheri7073 :rerii rii/codt- s e r i a l p o l l + r-

e s p o n s a 
7 0 7 5 i -f^peek •:: 702:;- = 144-l:her-i707S 
7 0 7 6 i+peek';:702::' = 1 7 6 t h e r i 7 0 7 S 
7 0 7 7 i -fpeek < 7 0 2 > <> 123"theri7074 :rerri s a r i a 1 po 11 r a s u I t 
7 0 7 3 i n p u t # 1 9 a * : i + s t < > 6 4 t h e r - i 7 0 7 3 
7 0 3 5 r em 1 i n e s 7 0 5 0 - 7 0 9 4 c a l e u l a t e s e n s i t i M i t y 
7 0 9 0 >; 2 = a 1< a * > 
7 0 9 1 z 4 = x 2 - i n t x 2 / 3 > * 3 y + 1 
7 0 9 2 i - f z 4 = l t h e n z 4 = 5 
7 0 9 3 i t z 4 = 3 t h e n z 4 = l 
7 0 9 4 z 4 = •:: 10 S < - < i n t •:: x 2 / 3 > > > > * z 4 
7 0 9 5 t:.=+i 
7 0 9 6 i -ft i -k:.<60then7096 
7 1 0 0 t o r i = l+.ol0 
7 1 1 0 •:iosub3O00 
7 1 2 0 h 9 < i > = < v a 1 < a * > - x 1 > *'30 : p r i n t h 9 i > s s y s 6 3 6 : rem h 9 < i :> =-f i e I d v a I 

1.4 e 
7 1 2 5 p o k e 7 9 0 .,19: r e m d e i c e acJ d r e s s 
7 1 3 0 p r i n t # 19 ,r " 1 " : r e rii r e B.ci i n -21 c h ari n e I 1 
7 1 3 5 s y s 4 0 7 1 4 : r e m m/code s e r i a l p o l l 
7 1 3 6 i -f p e e k 7 9 2 = 1 6 9 + h e r i 7 1 4 9 : r em s e r i a I po 11 r e s u I t 
71 37 i -f p e e k 7 9 2 > = 1 4 4 t h e n 7 1 4 9 
7 1 3 3 i f p e e k < 792> = 1 7 6 t h e n 7 1 4 9 
7 1 3 9 i t p e e k C 7 9 2 > < > 1 2 3 t h e n 7 1 3 5 
7 1 4 9 i r i p u t # 1 9 a * : i t s t < > 6 4 t h e n 7 1 4 9 
7 1 4 5 1 < i y = y a I < a * > / 2 9 9 0 * z 4 : p r• i n t -^1 < i t s y s 6 3 6 : r e m 1 i > = c h ari n e I 1 
r e a d in-ii 
7 1 5 0 n e x t i 
7 1 5 5 tor..i = l t o l 0 
7 1 5 3 h 9 = h 9 J > +h9 : = - - - \ l < J ::• +-:tl 
7 1 6 0 n e x t . j 
7 1 6 5 z 5 = z 4 
7 1 7 0 poke709,, 19 :rem d e y i c e a d d r e s s 
7 1 7 1 p r i n t # 1 0 , " s " :rem c h e c k i n - a t o make s u r e s e n s i t i v i t y u n a l t e r e 

d 
7 1 7 2 s y s 4 0 7 1 4 : r e m m/code s e r i a l p o l l 
7 1 7 3 i t p e e k < 7 9 2 = 1 6 0 t h e n 7 1 7 9 : rem s e r i a I po 11 r e s u I t 
7 1 7 4 i t p e e k < 702> = 1 4 4 t h e n 7 1 7 9 
7 1 7 5 i + p e e k < 7 0 2 > = 1 7 6 t h e n 7 1 7 9 
7 1 7 3 i t p e e k < 7 9 2 > < > 1 2 3 t h e n 7 1 7 2 
7 1 7 9 i n p u t # 1 9 a * : i f s t < : > 6 4 t h e n 7 1 7 9 
7 1 3 9 x2=val'::a$> 
7 1 3 1 z 4 = x 2 - < i n t < x 2 / 3 > * 3 ::• +1 
7 1 3 2 i t z 4 = l t h e n z 4 = 5 
7 1 3 3 i t z 4 = 3 t h e n z 4 = l 
7 1 3 4 z 4 = •:. 19S< - < i n t < x 2 / 3 > > > > * z 4 
7 1 3 5 i t z 4 = z 5 t h e n 7 2 G 9 
7 1 9 0 y = y - l :-3oto7001 
7 2 9 0 ctl =.:tl / 1 0 : h 9 = h 9 / 1 9 
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7 2 0 5 + o r i = I t o 18 : e r r i = - H I — : t l '•• i > .:' ^C^'+eru : e h = < h 9 - h 9 <•. i > ̂ f + e h : n e x t : r e m 

t sri <:i a r - <:i e r- r- o r s 
72015 efii = s --\r- >'. erri•• •'9 .•' >.••'3 : e = < 'Hr- e h 4 •• j . 
7 2 1 0 pr- i n + # 11 , : t--r- i nt-tt 1 2 , h 9 : pr- i n t # 13 , em : i n+.# 14., e h 
7211 rem s t o r iri-n m A h Me. l u e s -S: s t a n d e r d e r r o r s 
722G1 r e + i . j r n 
8 0 0 0 rem 
5001 r e m * * i * * i + * * * * * * * * * * * * * * * * * i * * * * * * * * * * * * * * * * * * * i * * * * 

5 0 0 2 rem 
5 0 0 3 rem 
S 0 0 5 rem s e r i a l p o l l r o u + i n e + r e a d i n o - f l i j k e 
8 0 0 6 rem 
8 0 0 7 rem 
8 0 0 3 r e m * * * * * * * i * * * * i * * * * * * * * * * * * i * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

3 0 0 9 rem 
8 0 1 0 a;-;=40: n =0 : a.=u s r- •:: 4 > 
8 0 2 0 !c.b=ti 
8 0 3 0 i -ft i - b b < 5 t h e n 8 0 3 0 
8 0 4 0 a;-;=40: n K=3 : a= u s r < 4 ::• 
8 0 5 0 p o k e 7 0 0 , 1 6 : t.fc.=t i 
8 0 6 0 S.VS40714 : i t i -bk.> 120+-hen8010 
8 0 7 0 i -f p e e k < 7 0 2 :> <> 144 t h e n 8 0 6 0 
3 0 8 0 i f-i f1 .J t. # 1 6 a * : i + s t < > 0 1 h e r i 8 0 8 0 
3 0 9 0 r e t u r n 
9 0 0 0 rem 
9001 r e m * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

* * * * * * * * * * * * * * * 
9 0 0 2 rem 
9 0 0 3 rem 
9 0 0 5 rem c u r r e n - t r e v e r s a l 
9 0 0 6 rem 
9 0 0 7 rem 
9 0 0 3 r e m * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

* * * * * * * * * * * * * * * 
9 0 0 9 rem 
9 0 1 0 rem l i n e s 9 0 1 9 - 9 0 9 0 chai-i-:ie I o n i c 
9 0 1 4 p r i n f ' a E U l F ' E V E R S I N G CURRENT D I R E C T I O N " 
9 0 1 5 i t a b s •:; c > > 1 0 0 0 t h e n l o * = " FORWRRD " : i i o t o 9 0 1 7 
9 0 1 6 l o * = " R E V E R S E " 
9 0 1 7 p r i n t " S E E t - o - y i c arid c u r r e n t i n " l o * " d i r e c t i o n " : b = t i 
9 0 1 3 i 1 1 i - b < 3 0 0 t h e n 9 0 1 3 
9 0 1 9 a;-i=40 : n = 10 : a.=ust- < 4 > 
9 0 2 0 b = t i 
9 0 3 0 i t t i - b < 2 0 t h e n 9 0 3 0 
9 0 4 0 a;;=40 :n";= 12 : a = u s r <4 > 
9 0 5 0 b = t i 
9 0 6 0 i t t i - b < 2 0 t h e n 9 0 6 0 
9 0 7 0 a;-;=40: n y:=3s a.=u s r < 4 > 
9 0 3 0 b = t i 
9 0 9 0 i t t i - b < 3 O t h e n 9 0 9 0 
9 1 0 0 a;;=12 : d = u s r <5> :rem c h e c k i n - y lo-si i c r e ' s ' e r s a l 
9 1 1 0 i t a b s < d - c > < 1 0 t h e n 9 0 1 0 
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9 1 2 0 c = d 
91 3 0 s'-i=40: ri 'i=9 : a.=u s r- < 4 ; r- e m a c t i a t e f n a. i n r e I sy 
9 1 4 0 b = t i 
9 1 5 0 i t t i - b < : 2 0 t h e n 9 1 5 0 
9 1 6 0 a;-;=40: n";=8 : a.=u s r < 4 ::• 
9 1 7 0 a = 12 :cJ=1.Jsr• <5> : i t a b s - c . : ' < 1 0 1 h e n 9 2 8 O sr• em c l - - i e c k i n I o i c i s 

un s. I t e r e d 
9 1 7 5 rem l i n e s 9 1 8 0 - 9 2 7 0 r e s e t s l o ' i i i c i t n e c e s s a r y 
9 1 3 0 a;;=40 : rtr;= 10 : a.=i.4sr- < 4 > 
9 1 9 0 b = t i 
9 2 0 0 i t t i - b < 2 O t h e n 9 2 0 O 
9 2 1 0 a;;=40:nr;=12:a=usr'::4:> 
9 2 2 0 b = t i 
9 2 3 0 i t t i - b < 2 0 t h e n 9 2 3 0 
9 2 4 0 a;;=40 : n";=S : a ,=L«sr < 4 > 
9 2 5 0 b = t i 
9 2 6 0 i t t i - b <:30then9260 
9 2 7 0 a;;= 12 : d = u s r < 5 > : i t a b s < d - c > > 1 0 t h e n 9 1 SO 
9 2 8 0 i tabs•::c>> 1 OOOthen l o * = "FORWRRD" :•:ic.to9300 
9 2 9 0 l o * = " R E V E R S E " 
9 3 0 0 print"SEUt-lou. chan^yed t o " l o * " d i r e c t i o n " : b = t i 
9 3 1 0 i t t i - b < 3 0 0 t h e n 9 3 1 0 
9 3 2 0 r e t u r n 
9 5 0 0 rem 
9 5 0 1 r e m * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

* * * * * * * * * * * * * * * 
9 5 0 2 rem 
9 5 0 3 rem 
9 5 0 5 rem d e t a i l e d c o e r c i v i t y s t u d y 
9 5 0 6 rem 
9 5 0 7 rem 
9 5 0 3 r e m * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

* * * * * * * * * * * * * * * 
9 5 0 9 rem 
9 5 1 0 p r i n t " i = E ^ i E T R I L E D C O E R C I V I T V STUDV ;-gElMMllMllMlll^rThis p a 

r t o t t h e pro'jirarii " 
9 5 1 1 a:';= 12 : c = u s r < 5 ::• : i tak-s < c .:• > 1 OOOthen l o * = " t o r w a j - d " ; •iioto9520 
9 5 1 2 l o * = " r e v e r s e d " 
9 5 2 0 p r i n t " a i i l l c o n d u c t a d e t a . i l e d s t u d y o t t h e c o e r c i v i t y re-Liion 
o n c e t h e "; 
9 5 3 0 p r i n t " o p e r a t o r has: ra/iiped t h e t i e I d up $< doM.m tmo a n d a h a 

I t t i m e s t o r both".; 
9 5 4 0 p r i n t " c a I i b r• a t i o n a n ci t e s t s axi i p I e s . T h e P r o - ji r a/n w i l l 
t h e n t a k e o v e r a j - i d " ; 
9 5 5 0 p r i n t " c o m p l e t e t h e e x p e r i m e n t . T h e o p e r a t o r s h o u l d n o t e b o t h 
c a l i b r a t i o n •!•'. " .r 
9 5 6 0 p r i n t " m a > c . ma-jinet i z a t i o n v o Ita-Eje r e a d i r i ' a s . B e t o r e t h e ope 

r a t o r h ari d s o v e r " .: 
9 5 7 0 p r i n t " t h e c o n t r o l t o t h e m i c r o b o t h t h e o i a u s s m e t e r & 5 2 0 6 r 

ari'Lies t o r t h e " 
9 5 3 0 p r i n t " d e t a i l e d s t u d y m u s t b e e s t a b l i s h e d . " 
9 5 9 0 p r i n t " S l U H i ' t s p a c e bar- cuhen a b o v e c r i t e r i a h a v e b e e n e s t a i r i l i 

s h e d . " 
9 5 9 1 p r i n t # 9 , " - l " 
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9 5 9 5 >:i i m m < 3 0 > r h<3 0 ::':++.$:=" t c " 
9 6 0 0 b = t i 
9 6 1 0 'jtosubSOOO : •:ietbf : i +b*:= " " t h e n 9 6 2 0 
9 6 1 5 i t a s c >•. k<$ y = 3 2 t h e n 9 6 3 0 
9 6 2 0 i t t i -k:.< 1 2 0 t h e n 9 6 1 0 
9 6 2 5 •:ioto9600 
9 6 3 0 r- n i n t " s3F.' ari 'LI e o t ci ai.4 s s m e t e r " ; : i n r-' u t -j 0 
9 6 4 0 p r i n t " S U F : a r i - y e o t 5 2 0 6 " .; : i n p u t z 4 
9 6 5 9 p r i n t . "iTEnType raj-i-^ie o t d e t a i l e d st i - j d y a b o u t z e r o y a u s s <<159 

> " : i n p i j t h r 
9 6 6 0 p r i n t " a e i i y p e t i e I d i n t e r v a I s " : i n p u t h s 
9 6 6 5 p r i n t "SETType t i l e narne r e ^ t u i r e d " ; : i n p u t t t 
9 6 7 0 n s = i n t < h s / 3 > : i t n s = 0 t h e n n s = 1 
9 6 3 0 p r i n t " 3 5 e t - i i a u s s m e t e r t o 10K -V-arcEie. " 
9 6 3 1 p r i n t " ! i E ^ r . o n n e c t a l l l e a d s t r o m c o m p u t e r t o poM.iersupp l y . " 
9 6 3 2 print"SUIUHi+• s p a c e bar- t o c o n t i n u e . " 
9 7 0 0 b = t i 
971 9 •:iosubS999 : -r i e t b * : i t b * = " " t h e n 9 7 2 9 
9 7 1 5 i t a s c < b * > = 3 2 t h e n 9 7 4 0 
9 7 2 0 i t t i -b<: 1 2 0 t h e n 9 7 1 0 
9 7 2 5 •2ioto9700 
9 7 4 0 p r i n t " s F ' r o . : i r a j i i r u n n i n - y " 
9 7 5 0 b = t i 
9 7 6 0 i t t i -b<: 1 2 0 t h e n 9 7 6 0 
9 7 7 0 •3osub9000 
9 7 7 5 '30sub3999 
9 7 7 6 i tab-.s < v a I < a * > * 19999 > <9. 9 * h r t h e n 9 S 0 O 
9 7 3 0 a;;=46 :n;i=3 : t,--:= 1 : a = u s r < 1 > 
9 7 3 1 b = t i 
9 7 3 2 i t t i - b < 1 2 9 t h e n 9 7 3 2 
9 7 9 9 •noto9775 
9 3 0 0 p r i n t "s>l:haj-r:ie c i a u s s m e t e r rari-iie t o r e - : i u i r e d r a r f ^ i e . Make 

s u r e p r o b e s e t u p " ; 
9 3 0 1 p r i n t " arid p o s i t i o n e d p r o p e r l y . E n s u r e 5 2 0 6 a l s o o n c o 

r r e c t r a r r j i e s . P l a c e " ; 
9SvZi2 p r i n t " pap-er o n p l o t t e r a n d c o n n e c t p l o t t e r . " 
9 3 1 9 b = t i 
9 3 2 0 •2iosub3OO0 : g e t b * : i t b * = " " t h e n 9 S 3 0 
9 3 2 5 i t a s : c •:; b$ y = 3 2 t h e n 9 3 4 0 
9 3 3 0 i t t i - b < 1 2 0 t h e n 9 3 2 0 
9 3 3 5 •:ioto9S10 
9 3 4 0 p r i n t " 3 ^ ' r o ' 2 ( r a j i i c o n t i n u i n i i arid t akin'3 r e a d i n - l i s . " 
9 3 4 5 z = l 
9 3 5 0 b = t i 
9 3 6 0 i t t i - b < 1 3 0 0 t h e n 9 3 6 0 
9 3 7 0 m=0:h=0 
9 3 3 9 t o r i = 1 t o 10 : p r i n t # 1 9 " c i l " 
9 3 9 9 i n p u t # 1 9 , m $ : i t s t < > 6 4 t h e n 9 S 9 0 
9 9 9 0 m=m+val<m:$:) r-yosubSOOO 
9 9 1 9 h = h + a I 'C a * y : n e x t i 
9 9 2 9 m z > =m/2999*z4/1 9 : h < z > =h/19*-:i9 
9 9 3 0 z=z+1 : p r i n t # 9 " +2 " : b = t i 
9 9 4 9 i t t i - b < 1 5 t h e n 9 9 4 9 
9 9 5 0 p r i n t # 9 " -2 " : i tab.s < h < z-1 > > > h r t h e n 9 9 3 0 
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9 9 6 0 B'i=4€': n^;=ns : t 1 : a.=usr >•. 1 > 
9 9 7 0 •:ioto9850 
9 9 3 0 opens.,3., 3., " 1 : " 4-tS+tt*-+-" , s i . . . . " :f^r- i nt#8., z-1 
9931 t o r i = 1 t o z - 1 : p r i nt#8.,m i >chr;t"< 13 >h< i ':> : r i e > i t i 
9 9 3 2 c l o s e 3 : i t t t * = " r c " t h e n 9 9 9 6 
9 9 8 3 p r - i n t " g i i i s c o n n e c t Ies.ds t o comPUte^•• t o s u p I.y.EH S e t iia.ussme 

t e r t o lOK r.ar-i':ie., " .; 
9 9 3 4 p r i n t " r a j i i p t i e I d t o 1.2 t e s la. arid b a c k . " 
9 9 8 5 p r i nt"SWi t sp.ace b a r . " :p r i nt#4., c h r # 0 9 > c h r * •:: 09 > .; 
9 9 9 0 b = t i 
9 991 •3Osub800O : getb^:: i t b * = " " t h e n 9 9 9 3 
9 9 9 2 itas:c'::b*:>=32then9995 
9 9 9 3 i 1 1 i -b<: 1 2 0 t h e n 9 9 9 1 
9 9 9 4 •:ioto9990 
9 9 9 5 t t * = " r c " : o i o t o 9 6 S 0 
9 9 9 6 r e t u r n 
1 0 0 0 0 rem 
10001 rem*:* 

* * * * * * * * * * * * * * * 
1 0 0 0 2 r em 
1 0 0 0 3 rem 
1 0 0 0 5 r em e r r o r o c c u r r e d - ra/iipin-ii t i e I d down 
1 0 0 0 6 rem 
1 0 0 0 7 rem 
1 0 0 0 3 r e m * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

* * * * * * * * * * * * * * * 
1 0 0 0 9 rem 
1 0 0 1 0 print"aSTS:ERROR OCCURRED - RflMPINC F I E L D DOWN" 
10 0 2 0 print"SlEEUEllJ< h i t s p a c e bar- t o e n d " 
1 0 0 3 0 p r i nt#4., c h r * C 8 7 ':• t 
1 0 0 4 0 a'i=4 7 : n"i = 150 : t = 1 : a.=i.jsr- 1 > : r-em cL4r-r-ent decre.a-s i n-it 
1 0 0 5 0 •sieta-.f : i t a * = " " t h e n 1 0 0 3 0 
1 0 0 6 0 i t a s c •:: a * > = 3 2 t h e n e n d 
1 0 0 7 0 n o t o 1 0 0 3 0 
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1 1 0 9 0 rem 
11001 rem 

1 1 0 0 2 rem 
1 1 0 9 3 r em 
1 1 0 0 5 r em l i s t o t 
1 1 0 0 6 rem 
1 1 0 0 7 rem 
1 1 0 9 3 r em 

1 1 9 9 9 rem 
rem 
rem 
rem 
rem 
r e m 

' a/"- i abi I e s tj s e c4 

1 1 0 1 9 
1 1 9 2 9 
1 1 0 3 0 
1 1 0 4 0 
1 1 0 5 0 
1 1 0 6 0 r em 
1 1 0 7 0 r em 

h i = s t e p i n e x t e r n a l t i e I d 
h = n e x t t i e I d v a l u e r e - : t u i r e d 
h 9 = l a s t m e a s u r e d t i e I d v a l u e 
c = m e a s u r e o t l o - ^ i i c s t a t e 
x l = o t t s e t o t • i i a u s s m e t e r 
m. r h = v a l i n e s o t m •& h 
em,eh = s t d . e r r o r s o t m 

1 1 9 3 9 r em k>$ = c h a n - i i e o v e r t l a g 
1 1 0 9 0 r em t * = t i lena/iie 
1 1 1 0 9 r e m b = t i m e t i 
1 1 1 1 0 rem a & a $ u s e d 
1 1 1 2 0 rem zCirfi'i & t'; u s e d t o r m i n i c a / u 
1 1 1 3 0 rem hO = t i e I d a t e a c h s t e p 
1 1 1 4 9 r em ri9 = t la-ii u s e d i n 
111 5 9 rem •:tl 

h v a l u e s 

I 1 160 
1 1 1 7 0 
I I 1 39 
1 1 199 
1 1 2 9 9 
1 1 2 1 9 
1 1 2 2 9 
1 1 2 3 9 
1 1 2 4 9 
1 1 2 5 9 
1 1 2 6 9 
1 1 2 7 9 
1 1 2 3 9 
1 1 2 9 9 
1 1 3 9 0 
1 1 3 1 0 
1 1 3 2 9 
1 1 3 3 9 
1 1 3 4 9 r em ciZ = v a U ^ e o t c h a r i n e I 

rem 
rem 
rem 
rem 
rem 
rem 
rem 
rem 
rem 
rem 
rem 
r"em 
rem 
rem 
rem 
rem 
rem 

c u r r e n t 

s e n s i t i v i t y s e t t i n-n 

d e c r e a s i n g 
= v a l u e o t c h a r i n e I 1 

x 2 = r e s p o n s e t o r e - H u e s t t o r 
y = no. o t r e a d i n CI S t a k e n 
z 4 = s e n s i t i v i t y i n v o l t s 
z 5 = s e n s i t i v i t y i n v o l t s -
d a * = d a t e 
s a * = sa/np l e t y p e 
x 9 A y 9 = d i m e n s i o n s o t sa/rip l e 
gO = raj^-ige o t g a i . j s s m e t e r 
hm = ma.x. e x t . h r e - ^ u i r e d 
h 2 & h 3 = v a l u e s o t b o u n d a r i e s betu-ieen t i e I d r e g i o n i 
r i l . , n 2 i< ri3 = no. o t r e a d i n g s i n r e g i o n s 
n u s e d t o s e t up l o c k - i n 
19$ t o 19* u s e d t o r l o c k - i n commands 
i G * t o i 2 * u s e d t o r l o c k - i n commarids 
ri4 .fc n 5 u s e d t o r l o c k — i n commaj-ids 
aO*''^> u s e d t o r l o c k - i n commands 
nG$ & r i 7 * u s e d t o r l o c k - i n comma/^ids 

rem ri6 u s e d t o r l o c k - i n comma/'ids 

I 1 3 5 0 
c u r e d 

I I 3 6 0 
1 1 3 7 0 
1 1 3 8 9 

rem p h use-ci a s t l a g t o s e e how o t t e n z e r o i n g o t c h 2 h 

19* = l o g i c s t a t e " F o r w a r d " o r " R e v e r s e d " 
gl.,-2f2 A g 3 = s t e p s i n g a u s s i n t h e t h r e e t i e l d ^ 
s l . , s 2 A s 3 = s t e p s i z e s t o r t h e s t e p p e r m o t o r 

1 1 3 9 9 r em t n = t o t a l no. o t r e a d i n g s r e c t u i r e d 
1 1 4 9 0 r em s s = s t e p s i z e u s e d i n s t e p p e r m o t o r s t a t e m e n t 

rem 
rem 
r em 
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11410 f em r d * = t i r s t r e c o r d t o t i l e 
1 1420 r em a a L j s e d t o r s c r e e n m e s s a g e s 
1 1430 r em c c u s e d t o r s c r e e n messa.'i'ies 
11440 r em a b u s e d tor- m/code r o u t i n e 
1 1450 r em rin 1.J s e 'zJ o t r e ad i n 'ii t l u k e 
11460 r em ctl < :> = v a l i j e s o t m 
1 1470 r em h9'; > = t i e I d v a l i . j e s 
1 1480 r em bb = t i m e t i 
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F.2 Further comments on the program 

1. Line 1 : The aX, n% and tX parameters are required 
f o r MINICAM's operation and must be the f i r s t v ariables 
declared. 

2. Lines 1-4 : The data statements here form a machine-
code r o u t i n e to d i s p l a y messages on the VDU during 
the program. The code i s located i n memory locations 
636 t o 678 (decimal) which i s part of the f i r s t 
cassette b u f f e r (unused because of disc d r i v e ) . 
An assembly language version of the code and i n t e r ­
p r e t a t i o n f o l l o w s : 

LDAIM 05 Load accumulator w i t h 5 immediately 
STA 634 Store acc. at l o c a t i o n 634. 
LDYIM 00 Load y r e g i s t e r w i t h 0 immediately. 
STY 635 Store y at l o c a t i o n 635. 
LDXIM 00 Load x r e g i s t e r w i t h 0 immediately. 
•LDA 706,X Load accumulator w i t h value of l o c a t i o n 

(706 + x) - message data stored here. 
-BEQ 660 Branch on r e s u l t zero to l o c a t i o n 660 
STA 32778,y Store acc. at l o c a t i o n (32778 + y) - PET screen. 
INX Increment x 
INY Increment y 
-BNE 648 Branch on r e s u l t not zero to l o c a t i o n -648. 
•LDA 635 Load acc. w i t h value of l o c a t i o n 635. 
ADC 40 Add 40 to accumulator immediately. 
STA 635 Store acc. at l o c a t i o n 635. 
TAY Transfer acc. to r e g i s t e r y. 
INX Increment x. 
DEC 634 Decrement l o c a t i o n 634. 
LDA 634 Load acc. w i t h value of l o c a t i o n 634. 
BNE 648 Branch on r e s u l t not zero to l o c a t i o n 648. 
RTS Return to c a l l e r ( i . e . BASIC). 

By f o l l o w i n g the above i t w i l l be seen tha t a f i v e 
l i n e message i s displayed at the top of the PET VDU 
( l o c a t i o n 32768 i s top l e f t hand corner of PET screen). 
The message data i s stored from l o c a t i o n s 706 to 810 
and the le n g t h of each message l i n e (20 characters) 
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i s determined by n u l l characters i n t h i s data. 
3. Lines 5-33 : These data statements contain the data 

r e q u i r e d f o r the f i v e screen messages and are separated 
by s t r i n g v a r i a b l e s (e.g. "3 denotes s t a r t of message 
3 d a t a ) . The f i v e messages are: 
" 1 - Recording M and H values. 
" 2 - Logic Forward Current Increasing 
* 3 - Logic Reversed Current Increasing 

4 - Logic Forward Current Decreasing 
" 5 - Logic Reversed Current Decreasing 

and a l l are displayed as reverse f i e l d characters w i t h i n 
a s o l i d white box 20 characters wide and 5 l i n e s deep. 
4. Line 34 : The j i f f y clock (TI) i s used ex t e n s i v e l y 

throughout the program f o r t i m i n g events (one j i f f y 
= l / 6 0 t h second). Resetting the j i f f y clock at the 
s t a r t ensures t h a t any t i m i n g procedures are not ruined 
by an automatic reset of the j i f f y clock during the 
experiment. 

5. Line 44 : Converts PET VDU to lower case characters. 
6. Lines 46 and 47 : a7c = 40 i s the address f o r MINICAM's 

GPOB and s e t t i n g n7o = 0 i n i t i a l i z e s a l l the outputs 
to a TTL " 1 " s t a t e . Output b i t 3 i s connected to the 
Fluke's e x t e r n a l t r i g g e r and needs t o remain at a "0" 
s t a t e u n t i l a reading i s r e q u i r e d . This i s achieved 
by sending n7o = 8. 

The USR f u n c t i o n passes the bracketed parameter 
i n t o f l o a t i n g p o i n t accumulator #1 and then jumps t o 
the user w r i t t e n code which s t a r t s at the l o c a t i o n defined 
by contents of l o c a t i o n s 1 and 2 (see l i n e 42). This 
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MINICAM code i s contained i n an EPROM ins i d e the PET 
and s t a r t s at l o c a t i o n 37888 (decimal). The parameter 
i n the bracket defines the r e l e v a n t section of code 
r e q u i r e d f o r each board type. 
For example : USR(l) i s required f o r stepper motors 

USR(4) i s DAC's and GPOB 
USR(5) f o r ADC's. 

7. Subroutine 2000 : The voltage p o t e n t i a l across the 
2.5 mQ r e s i s t o r i s observed and the supply i s adjusted 

to achieve zero c u r r e n t . 
I n l i n e 2220 the l o g i c l e v e l analog voltage i n d i c a t i o n 

from the l a t c h i n g r e l a y c o n t r o l c i r c u i t r y i s read by 
an ADC w i t h address aX = 12. The r e s u l t (c) i n d i c a t e s 
whether the l o g i c i s forward or reversed. 
8. Subroutine 2500 : The gaussmeter i s set up and a l l 

i n f o r m a t i o n r e q u ired (e.g. Max. F i e l d , gaussmeter 
range e t c . ) i s requested by the PET. 
9. Subroutine 3000 : This i s the most extensive subroutine 

which allows the user to set up and observe any 
of the f u n c t i o n s e t t i n g s on the l o c k - i n analyser from 
the keyboard. For a f u l l explanation of a l l the functions 
and the codes r e q u i r e d to adjust them v i a the IEEE bus 
the reader i s r e f e r r e d to the 5206 manual. 
10. Subroutine 4000 : This subroutine cycles the f i e l d 

t w i c e , d u r i n g which time i t sets the phase s e t t i n g 
of the l o c k - i n analyser, checks the zero current s e t t i n g 
of the supply and re-checks the l o c k - i n phase s e t t i n g . 
The phase s e t t i n g i s set and checked by observing the 
channel 2 output of the l o c k - i n at one extreme of the 
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magnetization loop and reducing t h i s value to near zero 
using the auto-phase f u n c t i o n . 

Lines 4100 and 4440 give the f i r s t example of increasing 
and decreasing the curr e n t using MINICAM's stepper motor. 
The number of steps i s determined by the parameter r\L 
and the d i r e c t i o n of motion by the value of a7o. The 
parameter t7o can be used to c o n t r o l the time i n t e r v a l 
between each step but i t i s set to i t s minimum i n t e r v a l 
throughout the program. 

Lines 4204 - 4207 give the f i r s t exam.ple of the 
use of the machine-code s e r i a l p o l l r o u t i n e w i t h the 
l o c k - i n analyser. Sys 40714 c a l l s the r o u t i n e and the 
r e p l i e s from the instrument are made up as f o l l o w s : 

128 means output ready 
32 means device s e t t l e d ( i . e . not autoranging) 
16 means overload i n d i c a t i o n 

Thus the r e s u l t of the s e r i a l p o l l can be 128, 
144, 160 or 176 and a l l i n d i c a t e t h a t data i s ready 
and t h i s data must be removed before the l o c k - i n w i l l 
c o r r e c t i t s e l f . 

Before any data readings are taken from the lock-
i n the PET always checks t h a t the device i s s e t t l e d . 
When i t i s , the response to the PET's request f o r the 
l o c k - i n status i s 32. U n t i l i t receives t h i s r e p l y , 
the program w i l l not continue. 

Lines 4560 and 4840 give the f i r s t example of the PET 
checking the voltage output across the 2.5 mQ r e s i s t o r 
to see i f zero current has been reached. 
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Line 4955 sounds a b e l l on the PET p r i n t e r to 
i n d i c a t e to the operator t h a t the zero current s e t t i n g 
r e q u i r e s checking. 
11. Subroutine 5000 : This subroutine shows the f i r s t 

example of the PET screen message r o u t i n e . The 
c o r r e c t data set f o r the message i s located i n l i n e 
5015 and then stored i n the c o r r e c t l o c a t i o n s i n l i n e 
5017. The sys 636 c a l l i n l i n e 5018 invokes the code 
which d i s p l a y s the messages on the screen. 

Lines 5070 and 5075 provide p r o t e c t i o n against 
the p o s s i b i l i t y of the gaussmeter overranging and the 
PET t r y i n g t o achieve f i e l d values not possible w i t h 
the electromagnet r e s p e c t i v e l y . 

Subroutine 5500 i s almost i d e n t i c a l to subroutine 
5000 except t h a t the f i e l d increment l o g i c i s reversed 
because i n c r e a s i n g the current decreases the f i e l d once 
changeover has occurred. 
12. Subroutine 6000 (and 6500) : S i m i l a r to subroutine 

5000 (and 5500) but contains an a d d i t i o n a l section 
( l i n e s 6070 - 6160) to t e s t i f a current r e v e r s a l i s 
re q u i r e d . 

The cu r r e n t i s decreased ten times, at the end 
of which the voltage output across the 2.5 mQ i s tested 
i f and only i f the f i e l d reading i s less than 300 gauss 
( i . e . nearing the magnet's remanent f i e l d ) . I f the 
curre n t i s below 0.01 amps then a request f o r current 
r e v e r s a l i s made, otherwise the current i s decreased 
f u r t h e r u n t i l e i t h e r the required f i e l d value i s reached 
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or the cu r r e n t does f a l l below t h i s l i m i t . 
13. Subroutine 7000 : This subroutine records ten values 

of the magnetization (once the l o c k - i n i s s e t t l e d ) 
and f i e l d . I t then c a l c u l a t e s the mean values and the 
standard e r r o r s and stores the r e s u l t s i n the appropriate 
disc f i l e s . 

The subroutine checks t h a t the l o c k - i n i s s e t t l e d 
( l i n e s 7040 - 7060), i t then f i n d s the s e n s i t i v i t y s e t t i n g 
( l i n e s 7070 - 7094) a f t e r which i t records ten values 
of the samples magnetization and the f i e l d ( l i n e s 7100 
- 7150). I t then checks t h a t the s e n s i t i v i t y of the 
l o c k - i n hasn't a l t e r e d , c a l c u l a t e s the mean and standard 
e r r o r s ( l i n e s 7200 - 7206) and stores the r e s u l t s i n 
the f o u r separate disc f i l e s ( l i n e 7210). I f the s e n s i t i v i t y 
of the l o c k - i n has changed while the readings were recorded 
the r e s u l t s are ignored and the whole subroutine i s 
repeated. 
14. Subroutine 8000 : This subroutine t r i g g e r s the Fluke 

i n t o t a k i n g a reading and conducts a s e r i a l p o l l 
to determine when the data i s ready. 

The TTL " 1 " s t a t e pulse r e q u i r e d f o r the ext e r n a l 
t r i g g e r to the Fluke i s supplied from b i t 3 of MINICAM's 
GPOB by l i n e s 8010 - 8040. The Fluke i s then s e r i a l 
p o l l e d u n t i l the only response s i g n a l l i n g data ready 
(144) i s received. The data i s then input to the PET. 

15. Subroutine 9000 : This subroutine reverses the l o g i c 
on the l a t c h i n g r e l a y c o n t r o l c i r c u i t r y , checks 

t h a t t h i s has been successful and then a c t i v a t e s the 
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l a t c h i n g r e l a y i t s e l f . I t then checks to see i f the 
l o g i c i s s t i l l i n the c o r r e c t s t a t e and , i f not, a l t e r s 
i t . I t then remembers the s t a t e of the l o g i c u n t i l 
the next c u r r e n t r e v e r s a l so th a t i t can detect whether 
the l o g i c has been corrupted i n the meantime. I f i t 
has been i t w i l l be corrected. 

The two relays which provide the s i g n a l required 
to reverse the l o g i c are a c t i v a t e d i n t u r n by l i n e s 
9019 and 9040 r e s p e c t i v e l y . Relay A i s connected t o 
b i t 1 and r e l a y B i s connected to b i t 2 of the GPOB 
and are a c t i v a t e d when these b i t s are sent low. (Note 
t h a t b i t 3 must always be ke'pt low). 

Line 9100 checks, v i a the ADC and the l o g i c l e v e l 
analog voltage i n d i c a t i o n , t h a t the operation has been 
successful. I f not i s i s repeated. 

The switch c o n t r o l l i n g the power to the energizing 
c o i l s of the l a t c h i n g r e l a y i s a c t i v a t e d by sending 
b i t 0 of the GPOB low ( l i n e 9130). 

The l o g i c s t a t e on the c o n t r o l c i r c u i t r y i s then 
checked ( l i n e 9170) and a l t e r e d i f necessary ( l i n e s 
9180 - 9270). 
16. Subroutine 9500 : This subroutine w i l l conduct a 

d e t a i l e d study of the coercive f i e l d of a sample 
m a t e r i a l i f t h i s value i s less than 150 gauss (the magnet 
remanence f i e l d ) . The r e s u l t s are stored on disc and 
can also be p l o t t e d out as they are recorded on an X-Y 
p l o t t e r . 
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The subroutine r e l i e s on the operator to perform 
a l l l a r g e changes i n the f i e l d and t o provide i n f o r m a t i o n 
about the region of i n t e r e s t , and change gaussmeter 
ranges etc. By connecting the analog output of both 
l o c k - i n and gaussmeter to an X-Y'recorder, and using 
the programmable switch t o operate the pen l i f t ( l i n e s 
9930 - 9950), a p l o t can be obtained as the data i s 
recorded. Once again ten values of magnetization and 
f i e l d values are recorded and the average values c a l c u l a t e d 
and s t o r e d . For the purposes of t h i s study, however, 
the l o c k - i n must not be allowed to autorange. 
17. Subroutine 10,000 : This subroutine decreases the 

cur r e n t i n the magnet w h i l s t sounding the b e l l on 
the PET'S p r i n t e r . I t i s only c a l l e d i f the gaussmeter 
i s overranging or the f i e l d i s approaching the maximum 
f i e l d possible w i t h the electromagnet. 
18. The remaining s e c t i o n of software not described 

so f a r ( l i n e s 170 - 1240) c o n t r o l s the whole VSM 
apparatus while conducting a f u l l M-H loop study. 

Lines 170-192 c a l c u l a t e the f i e l d steps, and hence 
the stepper motor step i n t e r v a l s , required f o r each 
f i e l d i n t e r v a l chosen by the user. F i l e s are then opened 
to the disc system t o store the values of magnetization 
and f i e l d e t c . as they are recorded ( l i n e s 210 and 211). 

Lines 220 - 980 c o n t r o l the f i e l d ramping, data 
t a k i n g , c u r r e n t r e v e r s a l etc. f o r the whole loop study 
by c a l l i n g the subroutines described e a r l i e r i n the 
c o r r e c t sequence. 
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The b e l l on the PET p r i n t e r i s sounded ( l i n e s 1000 
- 1020) to i n d i c a t e the end of the run a f t e r which the 
user can store the r e s u l t s i n a disc f i l e of h i s choosing 
( l i n e s 1026 - 1098). The user can also choose to store 
j u s t the magnetization and f i e l d s values or a combination 
of these values together w i t h the relevant standard 
e r r o r s . 

The r e s u l t s can then be l i s t e d on the p r i n t e r i f 
r e q u i r e d ( l i n e s 1130 - 1220). 

The program then ends. 
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APPENDIX G 
L i s t i n g o f PLOTTER program 

T h i s appendix c o n t a i n s a l i s t i n g o f the PET Basic 

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

curves on an X-Y r e c o r d e r . The B-H data i s assumed 

t o r e s i d e on d i s c and the use o f a two channel DAC board 

(addresses 18 and 19) t o c o n t r o l t h e X-Y mo t i o n of pen 

i s a l s o assumed. 

The program w i l l a l l o w the user t o a p p l y a c o r r e c t i o n 

f o r t h e d e m a g n e t i z i n g f i e l d ( i f r e q u i r e d ) . I t w i l l 

a l s o p e r m i t an enlargement o f a r e g i o n o f the curve 

( c e n t r e d on the o r i g i n ) t o be produced. 
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APPENDIX H 
P r e d i c t e d r e l a t i o n s h i p s a r i s i n g from a 

c o n s i d e r a t i o n o f Kneppo's e q u a t i o n 

Kneppo's e q u a t i o n i s w r i t t e n as 

B = A^^ " ( H . l ) 

w h i c h , on t a k i n g l o g a r i t h m s o f b o t h s i d e s , becomes 

LnB = kLnA - ^ LnA (H.2) 

D i f f e r e n t i a t i o n w i t h r e s p e c t t o H t h e n g i v e s 

1 ^ = i LnA (H.3) 
B dH 

and hence 

— = LnA (-^) (H.4) 
dH 

th e r e s u l t f o r d i f f e r e n t i a l p e r m e a b i l i t y . F u r t h e r 

d i f f e r e n t i a t i o n o f (H.4) w . r . t . H g i v e s 

2 
^ = LnA ( ^ ) (LnA - 2 ) (H.5) 
dH^ H-̂  H 

which i n d i c a t e s t h a t t he d i f f e r e n t i a l p e r m e a b i l i t y w i l l 
LnA 

have i t s maximum v a l u e when H = . 

The a b s o l u t e p e r m e a b i l i t y , ^l(=^/H), i s g i v e n by:-

A^^ -
|i = ^ (H.6) 

H 
whence 

^ = I ^ - = ihnh . 1) (H.7) 
dH H dH H^ ¥ L H 
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E q u a t i n g (H.7) t o zero g i v e s t h e f i e l d a t which 

t h e maximum p e r m e a b i l i t y (H is observed, thus 

H = LnA (H.8) 

The maximum p e r m e a b i l i t y (M-m^ i s t h e n g i v e n by: 

(k - ^ ) 
[ I ^ = ^ ^ (H.9) 

H 
|im 

and hence, u s i n g e q u a t i o n ( H . 8 ) , we have 

Ln( LL H ,,^) = kLnA - 1 (H.IO) •̂m |im 

Th i s may be r e w r i t t e n as 

Ln( 11 H ,, e) = kLnA ( H . l l ) •̂m |im 

and, s i n c e LnB = kLnA ( e q u a t i o n ( 6 . 9 ) ) , we have: 

LnB^ = Ln( H ,,^e) (H.12) s m |im 

and, t h e r e f o r e , t h a t 

B. s 
'm (H.13) 

eH., |im 
A l t e r n a t i v e l y 

= (H.14) 
m 

LnA 

and use o f e q u a t i o n (6.9) y i e l d s 

LnB^ 
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The above e q u a t i o n s ( H . 4 ) , ( H . 8 ) , (H.13) and (H.15) 
are t h e r e l a t i o n s h i p s expressed i n Chapter 6 o f t h i s 
t h e s i s as e q u a t i o n s ( 6 . 1 2 ) , ( 6 . 1 1 ) , (6.14) and (6.13) 
r e s p e c t i v e l y . 
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