
INFORMATION TO U SER S

This manuscript has been reproduced from the microfilm master. UMI films 

the text directly from the original or copy submitted. Thus, some thesis and 

dissertation copies are in typewriter face, while others may be from any type of 

computer printer.

The quality of this reproduction is dependent upon the quality of the 

copy submitted. Broken or indistinct print, colored or poor quality illustrations 

and photographs, print bleedthrough, substandard margins, and improper 

alignment can adversely affect reproduction.

In the unlikely event that the author did not send UMI a complete manuscript 

and there are missing pages, these will be noted. Also, if unauthorized 

copyright material had to be removed, a note will indicate the deletion.

Oversize materials (e.g., maps, drawings, charts) are reproduced by 

sectioning the original, beginning at the upper left-hand comer and continuing 

from left to right in equal sections with small overlaps.

ProQuest Information and Learning 
300 North Zeeb Road, Ann Arbor, Ml 48106-1346 USA 

800-521-0600

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



R E D U C T I O N  O F  

M A G N E T O S T R I C T I O N  I N  

S I L I C O N - I R O N  S H E E T S

A D is s e r t a t io n  S u bm itted  to  th e  F a c u lty  o f  th e  
G raduate Departm ent o f  A p p lied  S c ie n c e  

C o lle g e  o f  E n g in eer in g  
in  P a r t ia l  F u l f i l lm e n t  o f  th e  R equ irem ents fo r

th e  D egree o f

DOCTOR OF SCIENCE

M arch, 1 946 .

By

Dan M cClaran Hayes

B. S . -  Iowa S t a t e  C o lle g e  -  1 9 34 . 
M. S c . -  Iowa S t a t e  C o lle g e  -  1 9 3 5 .

OnlVersHy of Cincinnati Lrnraiv

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



UMI Number: DP15805

INFORMATION TO USERS

The quality of this reproduction is dependent upon the quality of the copy 

submitted. Broken or indistinct print, colored or poor quality illustrations and 

photographs, print bleed-through, substandard margins, and improper 

alignment can adversely affect reproduction.

In the unlikely event that the author did not send a complete manuscript 

and there are missing pages, these will be noted. Also, if unauthorized 

copyright material had to be removed, a note will indicate the deletion.

UMI
UMI Microform DP15805  

Copyright2009by ProQuest LLC 
All rights reserved. This microform edition is protected against 

unauthorized copying under Title 17, United States Code.

ProQuest LLC 
789 East Eisenhower Parkway 

P.O. Box 1346 
Ann Arbor, Ml 48106-1346

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



TABLE OF CONTENTS
Page No,

1 .0  -  D evelopm ent o f  th e  Problem   ..........................  1

2 .0  -  A n a ly s is  o f  T ransform er N o ise  ..........................  6

3 .0  -  S ta tem en t o f  th e  P r o b le m ....................................... 7

4*0  -  L it e r a tu r e  R e v i e w ..................................................   9

5 .0  -  T e s t  Equipm ent and P roced u re  ............................. 27

6 .0  -  E x p e r im e n t a t io n .................     38

7 .0  -  Sum m ary............................................     73

Acknowledgm ent .............................................................   74

APPENDICES:

I  -  C ir c u it  Diagram o f  B eat F req u en cy  O s c i l l a t o r s .

I I  -  Drawing o f  P a r a l l e l  P la t e  C ondenser o r  E x te n so m e te r .

I I I  -  C a l ib r a t io n  C a lc u la t io n s .

IV -  T e s t  R e s u lt s  on  Low Tem perature A n n e a lin g .

V -  M a g n e to s tr ic t io n  Supplem ent to  S e r v ic e
I n v e s t ig a t i o n  3 8 -2 6 4 .

VI -  U n ite d  S t a t e s  P a te n t  N o. 2 ,2 3 4 ,9 6 8 .

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



JA
N 

2 
9 

19
64

LIST OF ILLUSTRATIONS

Rig.
Rig.
Rig.
Rig.
Rig.
Rig.

Rig.

Rig.

Rig.

Rig.

Rig.

Rig.

Rig.

Rig.

Rig.

Rig.

1 -  Core- Loss Improvement T rend.

2 -  B-H Curve f o r  B es t Grade S i l i c o n - I r o n .

3 -  Core Loss v s .  In d u c t io n  f o r  S i l i c o n - I r o n .

4 -  P e rm e a b i l i ty  of th e  B e s t Grade of S i l i c o n - I r o n .

5 -  H y s te re s i s  Loop of High Grade S i l i c o n - I r o n .

6 -  B id w e l l ’ s Curves of M a g n e to s t r ic t io n  v s .
A pp lied  R ie ld  f o r  V arious V alues of T ensional 
S t r e s s .

7 -  M a g n e to s t r ic t io n  as a R unction  o f  th e  A pplied
M agnetic R ie ld  (H) f o r  th e  V arious C r y s ta l lo -  
g ra p h ie  Axes (W ebster) .

8 -  M a g n e to s t r ic t io n  o f a S in g le  C r y s ta l  of S i l i c o n -
I ro n  in  th e  Rorm of a C i r c u la r  D isk  (Heaps).

9 -  M a g n e to s t r ic t io n  o f  D isk  R o ta te d  45° from
Measurements in  R ig . 8 (H eaps).

10 -  M a g n e to s t r ic t io n  of D isk  R o ta te d  90° from
Measurements in  R ig . 8 (H eap s) .

11 -  M a g n e to s t r ic t io n  f o r  V arious C ry s ta l lo g ra p h ic
Axes as a R unction  of t h e  I n t e n s i t y  of M agneti­
z a t io n  ( I )  (W ebster) .

12 -  The I n t e n s i t y  of M a g n e tiz a t io n  as a Runction
of th e  A pplied  R ie ld  f o r  W eb ste r’ s Samples.

13 -  M a g n e to s t r ic t io n  P a r a l l e l  t o  V arious C r y s ta l lo ­
g rap h ic  Axes of a S in g le  C r y s ta l  when M agnetized 
a long  th e  (100) D i r e c t io n  (Honda and Masiyama),

14 -  S im i la r  to  R ig . 13 except M a g n e tiz a t io n  i s  a long
(110) D ir e c t io n  (Honda and Masiyama).

15 -  S im ila r  to  R ig . 13 except M a g n e tiz a t io n  i s  a long
(111) D i r e c t io n  (Honda and M asiyam a).

16 -  M a g n e to s t r ic t io n  of S in g le  C r y s ta l s  of I ro n
(3 .  R. W il l ia m s) .

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



L is t  o f  I l l u s t r a t i o n s  -  Page 2

F ig .  17 -  M a g n e to s t r ic t io n  o f  S in g le  C ry s ta l s  o f I ro n  
E x h ib i t in g  D i s c o n t in u i t i e s  (S. R. W i l l ia m s ) .

F ig .  IS -  M a g n e to s t r ic t io n  of I ro n  as a F u n c tio n  of 
Tem perature (Honda and S h im izu ).

F ig .  19 -  M a g n e to s t r ic t io n  as a F u n c tio n  of Carbon 
C ontent (D o rse y ) .

F ig .  20 -  M a g n e to s t r ic t io n  a s  a F unc tion  of t h e  A pplied  
F ie ld  f o r  V arious S i l i c o n  C onten ts  (S h u lz e ) .

F ig .  21 -  M a g n e to s t r ic t io n  a s  a F u n c tio n  of S i l i c o n  
C ontent (S h u lz e ) .

F ig .  22 -  M a g n e to s t r ic t io n  o f  N ic k e l - I r o n  A llo y s  as a 
F u n c tio n  o f  t h e  A pp lied  F i e ld  ( S h u lz e ) .

Fig.. 23 -  M a g n e to s t r ic t io n  a s  a F u n c tio n  o f  Composition 
in  th e  Iron -N iclce l System (Shulze) .

F ig .  24 -  P a r a l l e l  P l a t e  C a p a c ito r  f o r  Use as  an 
E x ten so m eter .

F ig .  25 -  Photograph of M agnetiz ing  Frame Showing R e la t io n  
of Component P a r t s .

F ig .  26 -  Photograph w ith  M agnetiz ing  C o il Removed to  
Show P o s i t io n  of Sample and S u p p o rts .

F ig .  27 -  Photograph o f  P in e  Box used  a s  a Therm ostat to  
Reduce Change in  Length caused by Tem perature 
V a r ia t io n  in  S u rro u n d in g s .

F ig .  28 -  V a r ia t io n  of M a g n e to s t r ic t io n  w ith  P o s i t i o n  of 
Sample in  S hee t (Curve 3224).

F ig .  29 -  V a r ia t io n  o f  M a g n e to s t r ic t io n  w ith  P o s i t io n  in  
a Commercially P ro cessed  Sheet a f t e r  Hydrogen' 
Anneal a s  E p s te in  S t r i p s  (Curve 3226).

F ig .  30 -  V a r ia t io n  of M a g n e to s t r ic t io n  w ith  P o s i t i o n  in
a ,,Green" Sheet a f t e r  Hydrogen Anneal as E p s te in  
S t r i p s  (Curve 3227).

F ig .  31 -  M a g n e to s t r ic t io n  vs . In d u c tio n  in  Hot R o lled  . 
Commercially P ro c essed  Sheet (Curve 3228).

F ig .  32 -  M a g n e to s t r ic t io n  on Samples E x h ib i t in g  N ega tive  
M a g n e to s t r ic t io n  (Curve 3225).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



L i s t  o f  I l l u s t r a t i o n s P age J3

Pig* 33 -  M a g n e to s t r ic t io n  as a F u n c tio n  of In d u c t io n
f o r  V arious Samples under  S e v e ra l  C o n d i t io n s .

F ig .  34 -  Photom icrographs o f  S u rfac e  F ilm s on M a te r ia l s
of D i f f e r e n t  M a g n e to s t r ic t iv e  C h a r a c t e r i s t i c s .

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1 .0  -  DEVELOPMENT OF THE PROBLM

M a g n e to s tr ic t io n  became im p o rta n t t o  th e  

m an u factu rer  o f  e l e c t r i c a l  s t e e l  s h e e t  m a t e r ia ls  

th rou gh  h i s  c o n s ta n t  endeavor t o  p rod u ce a m a t e r ia l  

o f  "m agn etic  q u a lity "  s u p e r io r  to  t h a t  o f  h i s  com­

p e t i t o r .  I t  i s  o f  i n t e r e s t  to  examine th e  f a c t o r s  

th a t  a r e  s p e c i f i e d  a s  "m agnetic  q u a l i t y " .

P e r m e a b il i ty  and core  l o s s  a r e  tw o c r i t e r i a  

w h ich  d e term in e  th e  d e s ig n  c o n s ta n ts  o f  a power or  

d i s t r i b u t io n  tr a n s fo r m e r . T hese c h a r a c t e r i s t i c s  a r e  

im p o rta n t i n  th e  d e te r m in a tio n  o f  th e  s i z e  o f  th e  

co re  f o r  a g iv e n  a p p l i c a t io n .  I t  i s  r e c o g n iz e d  t h a t  

f o r  a g iv e n  r a t in g  o r  a g iv e n  a p p l ic a t io n  th e  t r a n s ­

form er w ith  th e  s m a l le s t  p h y s ic a l  d im en sio n s w i l l  be 

th e  on e fa v o r e d  by t h e  u s e r .  S m all s i z e  means sm a ll  

c o r e s ;  sm a ll c o r e s  mean l e s s  ir o n  a n d  l e s s  copper  

p er  u n i t ,  w h ic h , f o r  a  g iv e n  r a t i n g ,  means lo w e r  c o s t  

to  the m an u factu rer  and u s e r .  As th e  s i z e  o f  th e  

core  i s  d im in ish e d , a  p o in t  i s  reached  a t  w h ich  on e  

o f  two phenomena o c c u r s .  F i r s t ,  th e  e x c i t i n g  c u rren t  

may become e x c e e d in g ly  la r g e  b e c a u se  o f  th e  v a lu e s  o f  

th e  f i e l d  H n e c e s s a r y  to  e n e r g iz e  th e  tr a n sfo r m er  to  

th e  in d u c t io n  B , a t  w h ich  th e  u n i t  m ust o p e r a te .

T h is  e x c i t in g  c u r re n t r e p r e s e n t s  n o t  o n ly  a la r g e
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power l o s s  but i s  r e f l e c t e d  i n  th e  f l u x  wave and ca u ses  

d i s t o r t i o n  o f  th e  o u tp u t v o l t a g e  wave sh a p e . The v a lu e  

o f  in d u c t io n , B , in  a co re  f o r  a  g iv e n  a p p lie d  f i e l d ,

H, i s  d eterm in ed  by p e r m e a b il ity  p=B/H, w h ich  i s  a  

p r o p e r ty  o f  th e  core  m a t e r ia l .  When e x c i t in g  c u r r e n ts  

a r e  th e  l im i t i n g  d e s ig n  c h a r a c t e r i s t i c ,  th e  e l e c t r i c  

s t e e l  p rod u cer  whose p ro d u ct p o s s e s s e s  th e  h ig h e s t  p e r ­

m e a b i l i t y  i s  in  th e  fa v o r e d  p o s i t i o n .  The p r o c e s s in g  

v a r ia b le s  th a t  m ost in f lu e n c e  th e  p e r m e a b il ity  have  

been found to  be ( 1 ) p u r i t y  o f  th e  i r o n ,  ( 2 ) freedom  

from  s t r e s s  and s t r a i n ,  and ( 3 ) o r ie n t a t io n  o f  th e  

c r y s t a l s  in  th e  m a t e r ia l .  By p rop er c o n tr o l  o f  th e s e  

v a r ia b le s ,  m a t e r ia ls  w ith  su p e r io r  p e r m e a b i l i t i e s  fo r  

tra n sfo rm er  c o r e s  have been produced  d u rin g  th e  l a s t  

45 y e a r s .

W ith h ig h  p e r m e a b il ity  a t t a i n e d ,  th e r e  i s  s t i l l  

a l im i t a t io n  on  th e  s m a lln e s s  o f  th e  co re  w hich i s  im­

p o sed  by a n o th er  c h a r a c t e r i s t i c  o f  th e  m a t e r ia l ,  th e  

" core  l o s s ” . Core l o s s  i s  p r e s e n t  i n  a tra n sfo rm er  th a t  

i s  e n e r g iz e d . As th e  c o re  in  a d i s t r i b u t io n  tra n sfo rm er  

i s  e n e r g iz e d  a t  a l l  t im e s , w h eth er  o r  n o t  power i s  u se d ,  

t h i s  i s  a la r g e  ex p en se  ite m . H en ce, i t  m ust be m in i­

m iz e d . M in im iz a tio n  o f  co re  l o s s  can be a cco m p lish ed  

o n ly  th rou gh  r e d u c t io n  o f  i t s  com ponents; nam ely, eddy 

c u rren t and h y s t e r e s i s .
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Eddy cu rren t l o s s e s  a re  red u ced  by two m ethods:

(1 ) D ecrea se  th e  c r o s s - s e c t i o n a l  a r e a  

th rou gh  w h ich  th e  eddy c u rren t may 

f lo w  by d e c r e a s in g  th e  th ic k n e s s  

o f  th e  m a te r ia l  ( s h e e t ) .

(2 ) Add an  a l lo y i n g  elem ent to  in c r e a s e  

th e  e l e c t r i c a l  r e s i s t i v i t y  o f  th e  

m a t e r ia l ,  i . e . ,  s i l i c o n .  The a l l o y ­

in g  e lem en t m ust be chosen  so  a s  n o t  

to  harm th e  p e r m e a b il ity  or  h y s t e r e s is  

by o th e r  than  a d i l u t i o n  e f f e c t .

1.4

;; T R E N D  O F  IM PR O V E M E N T  IN C O R E  L O S S  FO R  29 G A G E  ELEC TR IC A L

S H E E T S  O F  L O W E ST  L O S S , A T 10000 G A U SSE S AND 60 C Y C L E S
1.2
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The f i r s t  o f  th e s e  i t e m s , i . e . ,  r e d u c t io n  o f  a r e a , i s  

l im i t e d  by th e  r o l l i n g  equipm ent a v a i la b le  and th e  

c o s t  o f  m aking th e  r e d u c t io n .  W ith o r d in a r y  com m ercial 

equipm ent th e  th ic k n e s s  (g a g e) o f  th e  m a te r ia l  w i l l  be  

.0 1 3  in c h e s  to  .0 1 5 .  By th e  u se  o f  s p e c i a l  equipm ent, 

i t  i s  p o s s ib l e  to  red u ce  t h i s  f ig u r e  t o  . 0 0 2 5 - .0 0 2 0  

in c h e s .  The a d d it io n  o f  s i l i c o n  a s  an a l lo y in g  elem ent 

i s  v e r y  s u c c e s s f u l  u n t i l  a v a lu e  o f  ab ou t 6 . 00$  i s  

r ea c h e d . At a p p ro x im a te ly  t h i s  v a lu e  th e  m a te r ia l  

becomes so  b r i t t l e  th a t  i t  cannot be worked w ith o u t  

b reak in g  in t o  s m a ll p i e c e s .

H y s t e r e s is  l o s s  i s  r e la t e d  to  th e  p u r i t y  o f  th e  

m a t e r ia l ,  th a t  i s ,  w ith  r e s p e c t  t o  ir o n  and s i l i c o n .

In  g e n e r a l ,  one can sa y  th a t  th e  more pu re th e  m a t e r ia l ,  

th e  l e s s  th e  h y s t e r e s i s  l o s s .  G rain  s i z e  i s  a l s o  a

fa c t o r  in  r e d u c in g  t h i s  l o s s ,  th e  la r g e r  th e  g r a in  th e

lo w er  th e  l o s s .

There a r e  o th e r  im p ortan t p r o p e r t ie s  o f  commer­

c i a l  tra n sfo rm er  co re  m a t e r ia l s .  One o f  th e s e  i s  f l a t ­

n e s s ;  i f  a s h e e t  i s  n o t  f l a t ,  s t r a i n  w i l l  be in tr o d u ce d

when th e  tra n sfo rm er  la m in a t io n s  a r e  s ta c k e d  in to  a

core  and th u s  s p o i l  th e  m a g n etic  q u a l i t y .  A nother  

p r o p e r ty  i s  th e  in te r la m in a t io n  r e s i s t i v i t y  w hich  i s  

n e c e s s a r y  t o  make th e  t h in  c r o s s  s e c t i o n  o f  th e  

m a te r ia l  e f f e c t i v e  i n  r e d u c in g  eddy c u rren t l o s s .  T h is
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i s  a cco m p lish ed  by p ro d u c in g  a t h in ,  h ig h  r e s i s t a n c e  

f i lm  on  th e  s t e e l  su ch  a s  a  s i l i c a t e  or  o x id e .  The 

two f a c t o r s  th a t  have j u s t  been  m en tion ed  a r e  r e la t e d  

to  a  t h ir d  w h ich  i s  known a s  th e  "space f a c t o r " .

T h is  i s  th e  f r a c t io n  o f  t h e  sp a c e  a v a i la b l e  in  

th e  c o r e  t h a t  may be u t i l i z e d  by ir o n  la m in a t io n s .  

Com m ercial m a t e r ia ls  have a  sp a c e  f a c t o r  a s  h ig h  a s  

.9 5 .

In  th e  fo r e g o in g  d i s c u s s io n ,  em phasis has been  

p la c e d  on th e  tr e n d  t h a t  cau sed  tr a n sfo r m e r s  (and hen ce  

t h e i r  c o r e s )  to  become sm a lle r  and s m a lle r  a s  s t e e l s  o f  

h ig h  m a g n e tic  q u a l i t y  became a v a i l a b l e .  For a g iv e n  

r a t in g  th e  number o f  l i n e s  o f  m a g n e tic  f l u x  in  th e  core  

te n d  to  be a c o n s ta n t  in  a  g iv e n  d e s ig n .  As th e  dimen­

s io n s  o f  th e  co re  d e c r e a s e ,  th e  f l u x  d e n s i t y  ( l in e s /a r e a )  

w i l l  become la r g e r  and l a r g e r .  In  1 9 1 0 , a f l u x  d e n s i ty  

(B) o f  10 t o  12  k i lo g a u s s  was c o n s id e r e d  h ig h  f o r  power 

tr a n sfo r m e r s;  in  1 9 3 5 , i t  was 1 2 .0  to  1 4 .0 ;  and by 1 9 4 5 , 

v a lu e s  o f  1 6 .0  to  1 8 .0  w ere  b e in g  u s e d .

As th e  in d u c t io n  was in c r e a s e d ,  tr a n sfo r m e r s  o f  

two ty p es  began t o  c a u se  c o m p la in ts  and c la im s  to  be 

r e c e iv e d  by th e  m a n u fa ctu rer  b e c a u se  o f  " n o is e " . The 

f i r s t  o f  th e s e  c o n s i s t e d  o f  u n i t s  t h a t  a re  p la c e d  in  

v a u l t s  under s id e w a lk s  t o  d i s t r i b u t e  power to  apartm ent 

h o u ses  in  p op u lou s a r e a s .  The o th e r  a p p l ic a t io n  was in
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til© tr a n sfo r m e r s  on th e  b ig  tr a n s m is s io n  l i n e s  where 

th e  s i z e  o f  th e  u n it  w as l im i t e d  by th e  lo a d s  th a t  can  

be c a r r ie d  by th e  r a i lr o a d  and p a s s  th rou gh  r a i lr o a d  

t u n n e ls .  I n  b o th  o f  th e s e  a p p l ic a t io n s  th e  d e s ig n s  c a l l  

f o r  a s  h ig h  an in d u c t io n  a s  p o s s i b l e ,  f o r  s i z e  i s  th e  

c o n t r o l l in g  f a c t o r .

2 .0  -  ANALYSIS OF TRANSFORMER NOISE

As i t  was p o s s i b l e  th a t  n o is e  co u ld  become a 

c o n t r o l l in g  f a c t o r  in  tra n sfo rm er  d e s ig n , th e  m anufac­

tu r e r  i n i t i a t e d  s t e p s  t o  p la c e  d e f i n i t e  c o n tr o ls  on  

t h i s  c h a r a c t e r i s t i c .  In  th e  tra n sfo r m er  m ark et, " n o is e ” 

became a  v e ry  d e f i n i t e  s a l e s  argum ent, and soon  caused  

n o is e  s p e c i f i c a t io n s  to  appear i n  c o n t r a c t s .  N o ise  

a n a ly s i s  o f  tra n sfo r m er s  r e s u l t e d  in  th e  e s ta b lish m e n t  

o f  th e  f o l lo w in g  f a c t s :

(a ) The " n o ise"  c o n s i s t s  o f  a  1 2 0 -c y c le  

fu n d a m en ta l.

(b) Harm onics even  and odd w ere p r e se n t  up 

to  and in c lu d in g  a t  l e a s t  th e  n in t h .

(c )  In  a g iv e n  d e s ig n  o f  tr a n sfo r m e r , i t  

was found th a t  w id e v a r ia t io n s  o f  

n o is e  l e v e l  co u ld  be e x p e c te d  from  

" id e n t ic a l"  u n i t s .  T ransform ers  

b u i l t  a s  n e a r ly  a l i k e  a s  p o s s i b l e  

w ould produ ce n o is e  l e v e l s  a s  much
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a s  10 d e c ib e l  a p a r t . T h is a llo w s  

th e  c o n c lu s io n  tb a t  th e  v a r ia b le s  

a r e  n o t b e in g  c o n t r o l le d .

(d) The so u rc e  o f  th e  n o is e  was the  

c o re  w h ich  was. v ib r a t in g  a t  th e s e  

f r e q u e n c ie s .  The core  p u ls a te d  a s  

a u n it  a t  th e  fundam ental 120- c y c le  

fr e q u e n c y . The d im en sio n s o f  th e  

c o re  f lu c t u a t e d  w ith  th e  a p p lie d  

v o lt a g e  w ave, d i f f e r e n c e s  from  

stan d ard  b e in g  g r e a t e s t  when th e  

a p p lie d  v o l t a g e  wave was a t  a 

maximum or  minimum.

The phenomenon o f  th e  change in  le n g th  in  a 

m a te r ia l  when m a g n etized  i s  known to  th e  p h y s i c i s t  a s  

th e  J o u le  m a g n e to s tr ic t io n  e f f e c t .  I t  i s  u s u a l  in  

t h i s  phenomenon to  m easure th e  change in  le n g t h  ( |^ )  

p a r a l l e l  to  th e  d ir e c t io n  o f  m a g n e t iz a t io n .

3 .0  -  STATEMENT OF TEE PROBLEM

E lim in a tio n  o r  r e d u c t io n  o f  m a g n e to s tr ic t io n  

in  core m a te r ia l  sh ou ld  s o lv e  th e  n o is e  problem  in  

tr a n sfo r m e r s . T h is  i s  th e  m ost e f f e c t i v e  m ethod, f o r  

th e  c o n tr o l o f  th e  n o is e  so u r c e  i s  an answ er to  th e  

" n o ise  problem ". As th e  c o n tr o l  o f  th e  phenomenon i s  

im portant in  e l e c t r i c a l  s t e e l  f o r  tra n sfo rm er  c o r e s ,
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I t  i s  n e c e s s a r y  to  r e v ie w  a t  t h i s  p o in t  th e  ch arac­

t e r i s t i c s  o f  t h i s  s p e c i a l  p u rp ose  s h e e t  s t e e l .

Chem ical A n a ly s is

E lem ent Range in  P er Cent

S i l i c o n  
Carbon 
M anganese 
P hosphorus 
S u lfu r

I n s p e c t io n  o f  th e  t a b le  shows t h a t  th e  m a te r ia l  i s  

e s s e n t i a l l y  a  h ig h  p u r ity  i r o n  w ith  s i l i c o n  added to  

in c r e a s e  th e  s p e c i f i c  r e s i s t i v i t y .  The s t e e l  I s  s o ld  

to  th e  tra n sfo rm er  f a b r ic a t o r  i n  th e  form  o f  a  s h e e t  

o f  t h ic k n e s s  .0 1 3  to  .0 1 5  in c h .  The le n g t h  and w id th  

a r e  s p e o i f i e d  so  a s  to  produ ce th e  c o r e s  w ith  th e  

s m a l le s t  p o s s ib le  w a sta g e  o f  m a t e r ia l .  U su a l w id th s  

run from  20 to  48 I n c h e s , w ith  le n g t h  b e in g  any th a t  

i s  d e s ir e d .  These s h e e t s  a re  f u l l y  a n n ea led  a t  h ig h  

tem p era tu res  and th e n  d e l iv e r e d  to  th e  cu stom er. T h is  

a n n e a l has fo r  i t s  p u rp ose  r e l i e f  o f  s t r e s s  in  th e  

m a t e r ia l ,  p r o d u ctio n  o f  th e  d e s ir e d  f l a t n e s s ,  grow th  

o f  la r g e  g r a in s  (1 t o  10 grains/m m 2 ) ,  developm ent o f  

a s a t i s f a c t o r y  e l e c t r i c a l l y  r e s i s t a n t  s u r f a c e ,  and  

p u r i f i c a t i o n  o f  the m a g n etic  m a t e r ia l .

The m agn etic  q u a l i t y  o f  t h i s  com m erc ia lly  p ro­

duced m a te r ia l  i s  b e s t  p r e se n te d  i n  th e  form  o f  a  s e r i e s  

o f  g r a p h s . These fo l lo w :

4 .7 5 - 5 .0 0  
0 .0 6  m ax. 
0 .0 8  max. 
0 .0 3 0  max. 
0 .0 2 8  m ax.
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F ig .  2 B v s .  H

F i g .  3 Core L o ss  v s .  B '

F ig .  4  P e r m e a b il i ty  v s .  H

F ig .  5 H y s t e r e s is  Loop

The m a g n e tic  p r o p e r t ie s  a r e  d eterm in ed  by Am erican

S o c ie t y  fo r  T e s t in g  M a te r ia ls  m ethods on sam p les th a t

a r e  cut from th e  s h e e t s .  They m easure 3 cm. x  50 cm. x

gage o f  s h e e t .  T hese a r e  known a s  stan d ard  E p s te in

s t r i p s .  Enough o f  t h e s e  t h in  s t r i p s  a re  s ta c k e d

to g e th e r  t o  g iv e  th e  d e s ir e d  sam ple w e ig h t .
*

4 .0  -  LITERATURE REVIEW

Many w orkers have c o n tr ib u te d  to  th e  m agneto­

s t r i c t i o n  f i e l d ,  but from  th e  m ass o f  d a ta , v e r y  l i t t l e  

i s  d i r e c t l y  a p p l ic a b le  t o  th e  problem  a t  hand. T h is  i s  

th e  d i r e c t  r e s u l t  o f  two f a c t o r s ,  nam ely:

(1 )  U se  o f  sam p les o f  unknown h i s t o r i e s ,  

i . e . ,  p h y s ic a l ,  c h e m ic a l, and 

m a g n etic  p r o p e r t i e s .

(2 ) U se o f  th e  a p p lie d  f i e l d ,  H, 

a s  th e  in d ep en d en t v a r ia b le .

The b e s t  d e s c r ip t io n  o f  th e  m a g n etic  s t a t e  o f  a  m a te r ia l  

i s  g iv e n  by th e  in d u c t io n ,  B , w h ich  i s  r e la t e d  to  H 

through  th e  p e r m e a b il ity  p., w here p«B /H . The v a lu e  o f  p
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i s  v ery  s e n s i t i v e  to  p r e v io u s  h i s t o r y ,  w h ich  means th a t  

w ith o u t a s p e c i f i c  s ta te m en t o f  th e  n a tu re  o f  th e  fu n c ­

t i o n  p., the in d u c t io n  cannot be d eterm in ed . W ithout 

t h i s ,  a com parison o f  m a te r ia ls  f o r  tra n sfo rm ers  cannot 

be made, a s  th e  d e s ig n  i s  based  upon th e  e c o n o m ic a lly  

a t t a in a b le  v a lu e  o f  in d u c t io n . In  s p i t e  o f  th e s e  

in a d e q u a c ie s , some o f  th e  c h a r a c t e r i s t i c s  o f  th e  

phenomena o f  m a g n e to s tr ic t io n  th a t  w i l l  be m et in  th e  

ex p er im en ta l i n v e s t ig a t io n  a re  w orth  d i s c u s s io n .  The 

work o f  B id w e ll i s  r e p r e s e n t a t iv e  o f  th e  work on p o ly ­

c r y s t a l l in e  m a t e r ia l s .  The r e s u l t s  o f  h i s  in v e s t ig a ­

t io n  a r e  p r e se n te d  in  F ig .  6 . The im p ortan t f e a t u r e s  

o f  m a g n e to s tr ic t io n  t o  be n o te d  a r e :

a .  Ir o n  shows b oth  p o s i t i v e  and n e g a t iv e  

m a g n e to s tr ic t io n . A sam ple may le n g th e n  

or sh o r te n  i n  th e  d ir e c t io n  o f  the  

a p p lie d  f i e l d .

b . T en sion  a p p lie d  on th e  sam ple w i l l  cau se  

a r e d u c t io n  in  th e  o b serv ed  m agneto­

s t r i c t i o n .

The work o f  W ebster i s  r e p r e s e n t a t iv e  o f  th e  m easure­

m ents made on s in g le  c r y s t a l s  o f  ir o n .  T h is  work has  

been r e p e a te d  by Honda and M asiyam i, and th e  r e s u l t s  

o b ta in ed  w ere i n  s u b s t a n t ia l  agreem ent w ith  W eb ster .
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B id w e l l ' s  Curves o f  M a g n e to s tr ic t io n  v s ,  
A p p lied  F ie ld s  f o r  V a r io u s V a lu e s  o f  

T e n s io n a l S t r e s s .

F ig .  6

F ig .  7 r e p r e s e n t s  t h e s e  d a ta . W ith sam p les o f  t h i s  

ty p e  we o b se r v e  th r e e  ty p e s  o f  cu r v es:

a .  M a g n e tiz a tio n  a lo n g  th e  [lOOj c r y s t a l l o -  

g r a p h ic  a x i s  p rod u ces a p o s i t i v e  

m a g n e t o s t r ic t io n .

b . M a g n e tiz a tio n  p a r a l l e l  t o  [111] a x is  

p ro d u ces o n ly  n e g a t iv e  m a g n e t o s t r ic t io n .
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c .  M a g n e tiz a t io n  a lo n g  [ l ld j  a x i s  p ro d u ces  

f i r s t  a p o s i t i v e  e f f e c t ,  fo l lo w e d  by a  

n e g a t iv e  e f f e c t  s im i la r  to  a p o ly -  

c r y s t a l l i n e  sam p le .

I t  i s  c o n v e n ie n t  to  d is c u s s  th e  l i t e r a t u r e  on  th e  

b a s i s  o f  th e  m a te r ia l  t e s t e d .  The c l a s s i f i c a t i o n s  

a re  (a ) s in g le  c r y s t a l s ,  and (b) p o l y c r y s t a l l i n e  

m a t e r ia l s .

4
/ / / •

2

0
200 6oo

•taqne!iri->q ?•:»• r  //,!,».•<• * V d '

- i . ' t i o n  o f  m i in . i !  - 1: ; t.-j. < ( W e b s t e r J ^ )

F ig .  7
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(a ) S in g le  C r y s ta ls

The work o f  Heaps-1- on a c ir c u la r  d i s c  sam ple  

cu t from  a  s in g le  c r y s t a l  o f  s i l i c o n  ir o n  s h e e t  don ated  

by G en era l E l e c t r i c  Company gave r i s e  t o  th e  cu rv es in  

E ig s .  8 , 9 ,  and 1 0 . The o r ie n t a t io n  o f  th e  c r y s t a l l o -  

g r a p h ic  a x e s  in  th e  sam ple was unknown. A W eise e l e c t r o ­

m agnet was used  to  produce th e  m a g n e t iz in g  f i e l d s  w h ich  

a r e  a t  su ch  h ig h  v a lu e s  t h a t  th e  r e g io n  i n  the v i c i n i t y  

o f  th e  o r ig in  i s  com pressed so  th a t  t h e i r  n a tu r e  i n  t h i s  

r e g io n  i s  d o u b t fu l .  Heaps a l s o  found t h a t  r o t a t io n  o f  

th e  d i s c  s l i g h t l y  t o  t h e  r ig h t  o r  l e f t  o u t  o f  th e  

p a r a l l e l  p o s i t i o n  t o  th e  m a g n etic  f i e l d  cau sed  g r e a t  

v a r ia t io n  on th e  o b serv ed  v a lu e  o f  th e  e lo n g a t io n .

T hese a r e  shown by th e  d o t te d  l i n e s  in  th e  f i g u r e s .

W eb ster2 in  h i s  work on s i n g le  c r y s t a l s  had 

sam p les o f  known h i s t o r y .  The d ir e c t io n  o f  th e  c r y s t a l -  

lo g r a p h ie  a x e s  was a c c u r a te ly  d eterm in ed  by X -ray  m eth od s. 

The sam p les w ere in  th e  form  o f  ro d s a p p ro x im a te ly  6 cm. 

l e n g t h  by 0 .5  cm. d ia m e te r . The t e s t i n g  equipm ent was 

so  c o n s tr u c te d  th a t  b o th  t h e  m a g n e tiz in g  fo r c e  (H) and 

th e  i n t e n s i t y  o f  m a g n e t iz a t io n  ( I )  o f  th e  sam ple cou ld  

be d e te r m in e d . T hese d a ta  a re  r e p r e s e n te d  g r a p h ic a l ly

1) Heaps -  P h y s. R ev. 22 (1923) -  4 8 6 -5 0 1 .

2) W ebster -  P r o c . Roy. S o c . S e r . A (1925) 1 0 9 . 5 7 0 -5 8 4 .
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in  F i g s .  7 ,  1 1 , and 1 2 . The work o f  Honda and Masiyama-' 

con firm ed  and ex ten d ed  t h e s e  r e s u l t s  a s  i l l u s t r a t e d  by 

F ig s .  13 , 14 , 1 5 . W illia m s^ , in  m easurem ents on  s i n g l e  

c r y s t a l s  p rep ared  by R uder, o f  G en era l E l e c t r i c  Company, 

o b ta in e d  th e  cu rv es p r e se n te d  in  F i g s .  1 6 , 1 7 . I t  i s  

to  be n o te d  th a t  th e  cu rv es  in  F ig .  17  a r e  n o t  sm ooth .

3) Honda and Masiyama -  S c . R p ts . Tohuka Imp. U n iv . ,  
11  (1 9 2 6 ) , 7 5 7 .

4) W ill ia m s , S . R. -  T e s t in g  1 (1 9 2 4 ) ,  1 9 0 -1 9 3 .
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M a g n e to s tr ic t io n  m easured  
p a r a l l e l  to  v a r io u s  
c r y s t a l l i n e  a x e s  when 
m a g n etized  p a r a l l e l  to  
th e  [100] a x i s .
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These d ata  a r e  in te r p r e te d  a s  f o l lo w s :

(1 ) M a g n e tiz a tio n  p a r a l l e l  to  a 

[100]  a x i s  i n  i r o n  p rod u ces  

p o s i t i v e  m a g n e t o s t r ic t io n .

(2 ) M a g n e tiz a tio n  p a r a l l e l  to  a [ i l l ]  

a x i s  p rod u ces n e g a t iv e  m agneto­

s t r i c t i o n .

(3 ) M a g n e tiz a tio n  p a r a l l e l  to  o th e r  

a x e s  prod u ces v a lu e s  o f  m agneto­

s t r i c t i o n  betw een  th o s e  f o r  th e  

[lOOj and [ i l l ]  d i r e c t io n s .

»-
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M a g n e to s tr ic t io n  o f  S in g le  Ir o n  
C r y s ta ls  (S . R. W il l ia m s ) , e x h i b i t ­
in g  d i s c o n t i n u i t i e s .

F ig .  17
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b . P o ly c r y s t a l l i n e  M a te r ia ls
5

B id w e ll  exam ined tb e  m a g n e t o s t r ic t iv e  p ro p er­

t i e s  o f  some ir o n  r in g s  and foun d  one t h a t  c o n tr a c te d  

fo r  a l l  v a lu e s  o f  th e  a p p lie d  f i e l d ,  w h ile  m ost o f  th e  

sam p les f i r s t  expanded and th en  c o n tr a c te d  f o r  la r g e r  

v a lu e s  o f  m a g n e t iz in g  f o r c e .  In  some l a t e r  w ork, u s in g  

ir o n  ro d s fo r  sa m p le s , th e  e f f e c t  o f  t e n s io n  on th e  

v a lu e s  o f  m a g n e t o s t r ic t io n  d em on stra ted  t h a t  s im p le  

lo a d in g  o f  th e  sp ecim en  w ould c a u se  m a te r ia l  to  show  

o n ly  th e  n e g a t iv e  e f f e c t .  T h is  i s  I l l u s t r a t e d  In  

F ig .  6 from  h i s  w ork.

Honda and S h i m i z u ^ ,  u s in g  a  s o f t  ir o n  rod o f  

unknown h i s t o r y ,  i n v e s t ig a t e d  th e  e f f e c t  o f  tem p era tu re  

on m a g n e t o s t r ic t io n .  Tem perature was v a r ie d  from  -1 8 6 °  C. 

t o 818° C. The r e s u l t s  a r e  shown in  F ig .  1 8 .

I t  i s  to  be n o te d  t h a t  a t  tem p er a tu r es  below  

th e  C urie p o in t ,  and a t  h ig h  v a lu e s  o f  H, th e  s lo p e  o f  

th e  curve i s  th e  f a c t o r  m ost a f f e c t e d  by tem p er a tu r e .

At th e  low er v a lu e s  o f  H in  th e  ran ge  w h ich  i s  o f  in ­

t e r e s t  in  tra n sfo r m er  d e s ig n , th e r e  i s  no s im p le  c o r r e ­

l a t i o n  o f  w ith  tem p era tu re .

D o r s e y V ,  u s in g  ir o n  r o d s  o f  v a r io u s  known carbon

c o n t e n t s ,  u sed  Mi maximum t o  o b ta in  a c o r r e la t io n  w ith
Xj

5) B id w e ll -  P r o c . R oy. S o c . ^0 ( 1 8 8 6 ) ,  1 0 9 -2 5 7 .

6 ) Honda and Sh im izu  -  P h i l .  H ag. 6 (1 9 0 3 ) ,  3 9 2 -4 0 0 .

7) D orsey  -  P h y s . R ev . S e r . ^ 0  ( 1 9 1 0 ) ,  6 9 8 -7 1 9 .
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F ig . 7.
S e r f  i r ,  , v

M a g n e to s tr ic t io n  o f  ir o n  a s  a 
fu n c t io n  o f  tem p era tu re  
(Honda and S h im iz u ) .

F ig .  18

carbon c o n te n t .  T h is i s  shown in  F ig .  1 9 . The c o rr e ­

l a t i o n  i s  f a i r l y  s a t i s f a c t o r y .  D orsey  a l s o  i s  aware  

o f  th e  e f f e c t s  o f  c o o lin g  r a t e s ,  but was u n ab le  to  

o b ta in  c o n s i s t e n t  r e s u l t s  w ith  h i s  quenching and 

a n n e a lin g  p r a c t i c e .
g

S c h u lz e  , u s in g  rod  sa m p le s , conducted  an 

e x te n s iv e  in v e s t i g a t io n  o f  th e  r e la t io n s h ip  betw een

8 ) S c h u lz e , Z f. P h y sik  j>0 (1 9 2 8 ) , 4 4 8 -5 0 $ .
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P ercen t Carbon

M a g n e to s tr ic t io n  a s  a fu n c t io n  
o f  carbon c o n te n t  (D o r se y ) .

F ig .  19

c o m p o sitio n  and m a g n e to s tr ic t io n . W h ile  th e  t e s t i n g

equipm ent was equipped to  m easure H and I ,  in  numerous

in s ta n c e s  th e  measurem ent o f  I  was n e g le c t e d ,  and

r e s u l t s  i n  l im it e d  in t e r p r e t a t io n  o f  t h e s e  d a ta .

F ig .  20 g iv e s  th e  r e la t io n s h ip  betw een  ^  and H f o r
Xj

v a r io u s  v a lu e s  o f  s i l i c o n .  A t t e n t io n  i s  d ir e c t e d  to  

th e  n e g a t iv e  v a lu e s  o b ta in e d  fo r  6 . 37% s i l i c o n .
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Fig. 26. Die Magnetostriction der Eisen Silicium»Legicrungen in Abhangigkeit 
vom iiuBeren Magnetfeld.

350 vOl
:itin

F ig .  20

F ig .  21 p r e s e n t s  th e  same d a ta  w ith  s i l i c o n  c o n te n t  

a s  th e  in d ep en d en t v a r ia b le .  W h ile  cu rv es  a re  p r e se n te d  

on th e  b a s i s  o f  c o n sta n t H, I  n o t h a v in g  been d eterm in ed ,

j Hurve a  SO Gauss
i '  b ~ Z S 0  *

gmtachfoproz Sif/zium
Fig. 27.

Dio Magnetoatrikticm der Eisen—Silicium* 
Legierungen in Abhingigkeit von der 
Konzentration. (Kurven gleichen iiuBeren 

Magoctfeldaa.)

F ig .  21
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i t  i s  o f  i n t e r e s t  to  n o te  th e  maximum v a lu e s  a t  about 

4.5% s i l i c o n  and z e r o  v a lu e s  betw een  6 .5  -  7.5% s i l i c o n ,  

dep en d in g  on th e  f i e l d  s t r e n g t h ,  H. A l lo y s  o f  g r e a te r  

s i l i c o n  c o n te n t  w ere  n o t  in v e s t ig a t e d  b e c a u se  o f  t h e i r  

p oor m ec h a n ica l p r o p e r t i e s .  A t s i l i c o n  c o m p o sit io n s  

ab ove 6.0% , th e  m a t e r ia l  i s  e x c e e d in g ly  b r i t t l e  a t  a l l  

te m p e r a tu r e s , and t h e r e f o r e  cannot be w orked.

F i g s .  22 and 23 r e p r e s e n t  a  s tu d y  o f  th e  ir o n -  

n i c k e l  a l l o y s .  F ig .  22  r e p r e s e n t s  m a g n e t o s t r ic t io n  cu rv es

i 'S0jS%Ni 

- = — !  36%Ni

31,3 %M 

~73.¥%M

SZ,S%cNi

M a g n e to s tr ic t io n  o f  
I r o n -N ic k e l  A l lo y s  a s  
a F u n c tio n  o f  th e  
A p p lied  F i e l d .

F i g .  22

\

' 'Vt • • - s t n K t i n n  d e r  H n f t n i : a n h i i l t i i i c n  ) I - . i s c n  N i e k c M . c y i e r u n i _ c n  n  

MiHeren M acnet lc ld
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T'®

-1 0

Kurve- a ~ 250
* I ~ 50 •C — 25 •

F ig .  23

M a g n e to s tr ic t io n  o f  
Ir p n -N ic k e l A l lo y s  
a s  a F u n ctio n  o f  
C om p osition .

ic M agnetostriktion der (manganhaltigen) Eisen—NickcULegierungen in  A bhingigkeit 
von der K onzentration. (Kurven gleicher tiuBerer Feldstirke.)

w ith  c o n s ta n t  c o m p o s it io n , and F ig .  23 i s  f o r  c o n sta n t  

a p p l ie d  f i e l d s .  The p e r m a llo y  c o m p o s it io n , 80% n i c k e l ,  

20% ir o n ,  h as a zero  v a lu e  o f  m a g n e t o s t r ic t io n  f o r  a l l  

v a lu e s  o f  H, th e  f i e l d  s t r e n g t h .

In  sum m ation, i t  can be s t a t e d  t h a t  th e  l i t e r a ­

tu r e  in d ic a t e s  th r e e  p o s s i b i l i t i e s  f o r  th e  p r o d u c tio n  

o f  a low  m a g n e to s tr ic t io n  m a t e r ia l ,  nam ely:

(a ) A p p lic a t io n  o f  t e n s io n a l  s t r e s s  t o  

th e  m a t e r ia l .

(b) The u se  o f  a s u i t a b l e  a l lo y in g  

e le m e n t.
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( c )  P ro d u c tio n  o f  a m a te r ia l  w ith  

such a g r a in  o r ie n t a t io n  th a t  

m a g n e to s tr ic t io n  w i l l  be red u ced  

t o  a  s a t i s f a c t o r y  l e v e l .

W ith th e  la c k  o f  d a ta  t h a t  co u ld  be used  on th e  

s p e c i f i c  problem  a t  hand, th e  need  o f  a  t e s t  m ethod to  

m easure m a g n e to s tr ic t io n  on sam p les from  com m ercial 

m a te r ia l  was a p p a re n t.

5 .0  -  TEST EQUIPMENT AMD PROCEDURE

The m ethods u sed  fo r  th e  m easurem ent o f  m agneto­

s t r i c t i o n  a re  a d e q u a te ly  r ev iew ed  i n  th e  l i t e r a t u r e ^ *  1 0 . 

R eview  o f  t h e s e  made th e  c h o ic e  o f  th e  W heddington-^  

u l t r a  m icrom eter l o g i c a l .  The m ethod c o n s i s t s  o f  a l lo w ­

in g  th e  change o f  d im en sion  o f  th e  sam ple t o  v a ry  th e  

c a p a c ity  o f  a p a r a l l e l  p la t e  co n d en ser . The change in  

c a p a c ity  i s  th e n  m easured by a b ea t fre q u en cy  m ethod.

The c a p a c ity  o f  a p a r a l l e l  p la t e  condenser i s  g iv e n  by:

9) W illia m s , S . R . -  M agn etic  Phenomena -  McGraw H i l l .

10 ) B a te s ,  L . F . -  Modern M agnetism  -  Cambridge P r e s s ,  1939 .

11) W heddington, R . -  P h i l .  Mag. £ 0  (1 9 2 0 ) ,  634 .
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c * « ° 3 |5  (Eq. I )

w here C » C a p a c ity  in  up. fa r a d s

K * S p e c i f i c  in d u c t iv e  c a p a c ity  o f  
th e  d i e l e c t r i c  (A ir  = 1)

S * S e p a r a t io n  o f  th e  p l a t e s  i n  cm.

A * Area o f  th e  p l a t e s  in  sq u are  cm.

The r a t e  o f  change o f  C w ith  r e s p e c t  to  S i n  a i r  i s  

th en
f g  .  - .0 8 8 5 A  (Eq. I I )
a s  s 2  '

T h is  e q u a tio n  shows t h a t  th e  p l a t e s  .o f th e  con d en ser  

m ust be o p e r a te d  a s  c lo s e l y  to g e th e r  a s  p o s s ib l e  i n  

o r d e r  to  o b ta in  th e  l a r g e s t  change i n  c a p a c ity  f o r  a 

g iv e n  change in  s p a c in g , dS .

To o b ta in  a q u a n t i t a t iv e  measurem ent o f  th e  

c a p a c it y ,  a  d i r e c t  com parison w ith  a stan d ard  i s  

em ployed . The con denser i s  u sed  a s  th e  c a p a c ita n c e  

In  an e le c tr o n -c o u p le d  o s c i l l a t o r  o p e r a tin g  a t  a 

h ig h  fr e q u e n c y . An o s c i l l a t o r  o f  t h i s  ty p e  i s  v e r y  

s t a b l e ,  b e in g  used  q u ite  o f t e n  a s  a seco n d a ry  fre q u en cy  

s ta n d a r d .

A secon d  o s c i l l a t o r  o f  th e  same typ e  was 

c o n s tr u c te d , i t s  freq u en cy  b e in g  c o n t r o l le d  by an  

o r d in a r y  m ovable p l a t e  ty p e  v a r ia b le  co n d en ser . The 

c a p a c ita n c e  i s  th e  com parison stan d ard  f o r  th e  p a r a l l e l -  

p l a t e  m easu rin g  co n d en ser .
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The h ig h  fre q u en cy  o s c i l l a t i o n s  w ere th en  fe d  

on to  s e p a r a te  g r id s  o f  a vacuum tu b e  d e t e c t o r .  By 

means o f  head phones in  th e  p la t e  c i r c u i t ,  th e  two 

o s c i l l a t o r s  can  be a d ju s te d  to  th e  same fr e q u e n c y , i . e . , 

zero  b e a t ,  by s u i t a b le  s e t t i n g  o f  th e  c o n d e n se r s . A 

b lo c k  diagram  o f  th e  com ponents f o l l o w s .  A d e t a i l e d  

w ir in g  diagram  i s  to  be found in  A ppendix I .

D e te c to r

O s c i l l a t o r O s c i l l a t o r

V a r ia b le  V a r ia b le
P a r a l l e l  P la t e  Com parison
C ondenser Cq C ondenser C2
(E xten som eter)

The con d en ser  C2 w as m o t iv a te d  by a v e r n ie r  d i a l  w ith  100  

m ain s c a l e  d i v i s i o n s  and a v e r n ie r  h a v in g  10 s u b d iv is io n s .  

C a lib r a t io n  o f  th e  com parison  con d en ser  C2 was e f f e c t e d  

by s u b s t i t u t in g  a G en era l R adio Standard  V a r ia b le  Con­

d en ser  f o r  Cj_. The m id d le  p o r t io n  o f  th e  s c a l e  on .C2

was found to  -be l i n e a r ,  w ith  each  v e r n ie r  d i v i s i o n

c o rresp o n d in g  to  0 .1 0 6  u u f .  D uring t h i s  c a l i b r a t io n  

and su b seq u en t c h e c k s , i t  w as found p o s s i b l e  to  h o ld  th e  

zero  b e a t c o n d it io n  fo r  lo n g  p e r io d s  a f t e r  th e  equipm ent 

had been warmed up f o r  a p p ro x im a te ly  t e n  m in u te s . The 

Stan dard  V a r ia b le  C ondenser was s e t  a t  600 c a p a c ity  

f o r  t h i s  c a l i b r a t io n .  The zero  b ea t s e t t i n g  on con -
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d e n ser  C2 was e x c e p t io n a l ly  sh a rp ; th e  change o f  1 v e r n ie r

d i v i s i o n  was e a s i l y  d e t e c t e d .

The u se  o f  eq u a tio n  ( I I )  and th e  assu m p tion s

( 1 ) ,  th e  change in  c a p a c ity  (AC » .1 0 6  p.p.f) i s  sm a ll

compared w ith  c a p a c it y ,  C (600  p tif)*  (2 ) t h a t  th e

change i n  le n g t h  (AS = 50 x  1 0 “ ®) i s  sm a ll compared w ith

th e  p a r a l l e l - p l a t e  s p a c in g , S , th e  v a lu e  o f  —  can be
S 2

computed:

A_ - .1 0 6 _________  m 1 .0 6  x  IQ"1 x  1 0 +8 x  K T 1
S2 “ 50 x  1 0 -8  z  .0 8 8 5  .4 4 2 5

A -  2 .3 9  3C 10® S2 (Eq. I l l )

A ssum ing c ir c u la r  con denser p l a t e s

A -  n r 2 * 3 .1 4 1 6  r 2 (E q. IV)

R e w r it in g  Eq. I l l

r 2 -  ,( 2 »?9) x  10® x  S
IT

s = .00115 p

W ith c a r e fu l  d e s ig n ,  i t  sh o u ld  be p o s s ib l e  to  s e t  th e  

p a r a l l e l  p la t e s  a t  .0 0 1  cm. In  su ch  an  e v e n t , r  co u ld  

be 1 cm. H owever, a s  su ch  a  s e t t i n g  co u ld  be d i f f i c u l t  and  

t im e-co n su m in g , i t  was d e c id e d  t o  make th e  p l a t e s  w ith  

a 6 on . r a d iu s .  The m ech a n ica l d e s ig n  o f  th e  con d en ser  

Ci p a sse d  through  a number o f  v a r ia t io n s ;  th e  f i n a l  one  

i s  p ic tu r e d  i n  F ig .  24 and i n  th e  draw ing i n  A ppendix I I .
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P a r a l l e l  P la t e  C ap acitor  f o r  U se a s  an  
E xten so m eter .

P ig .  24

The f e a t u r e s  o f  th e  d e s ig n  a r e  th e  p l a t e  fu lcru m  

sy stem  f o r  k eep in g  th e  p l a t e s  p a r a l l e l  w ith o u t r e ­

s t r i c t i n g  th e  v e r t i c a l  movament o f  th e  upper p la t e  

and th e  ja c k  screw  f o r  r a i s in g  and lo w e r in g  th e  bottom  

p la t e  to  th e  d e s ir e d  s e t t i n g ,  S .  T h is  ja ck  screw  

( .0 5  cm /rev) i s  a c t iv a te d  by a c o l la r  w ith  60 e n g in e -  

d iv id e d  in d e x  marks on i t s  p e r ip h e r y .

The ex ten so m eter  can be c a l ib r a te d  by two 

In depend en t m ethods (a ) d isp la cem en t o f  th e  low er p la t e  

th rou gh  a known d is ta n c e  by means o f  th e  ja c k  screw ,

(b ) by s u b s t i t u t io n  o f  a  stan d ard  v a r ia b le  c a p a c ita n c e
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fo r  t l ie  p a r a l l e l  m easu rin g  con d en ser  C^, U s in g  th e  

v a lu e  o f  th e  c a p a c ita n ce  d eterm in ed  by s u b s t i t u t io n  

and th e  a rea  o f  th e  p a r a l l e l  p l a t e s  d eterm in ed  by 

a c t u a l  m easurem ent, t h e  v a lu e  o f  S may be d eterm in ed  

from  E q u ation  I .  S u b s t i t u t io n  o f  t h i s  v a lu e  in  

E q u a tio n  I I  w i l l  g iv e  a v a lu e  f o r  For v a lu e s  o f

AS s u f f i c i e n t l y  sm a ll when compared w ith  S

AC -  J  AS (Eq. Y)

By th e  d i r e c t  d is p la c e m e n t , th e  c a l ib r a t io n  was d e te r ­

m ined to  be 2 .9 7  r  10“® cm. p er  d i v i s i o n ,  or  5 .9 6  x  

1 0 -8  AL w;h011 a cm. sam ple i s  u s e d . The o th e r  m ethod,
1j

s u b s t i t u t io n ,  g a v e .a  v a lu e  o f  3 .0 2  x  10“® p er  d i v i s i o n ,  

o r  6 .0 4  x  10”® f o r  ^  when a  50 cm. sam ple i s  u sed . 

D e t a i l s  o f  t h e s e  c a lc u la t io n s  a r e  found  i n  A ppendix I I I .  

In  a l l  m easurem ents th e  f i g u r e  6 x  10”® /d i v i s i o n  was , 

u sed  f o r  th e  c a l ib r a t io n  c o n s ta n t .

E xam ination  o f  v a r io u s  ty p e s  o f  m a g n e t iz a t io n  

equipm ent made i t  seem b e s t  to  u s e  a s im p le  s o le n o id  

o f  s u f f i c i e n t  le n g th  to  p r o v id e  a u n iform  f i e l d  o v er  

i t s  c e n tr a l  p o r t io n .  A c o i l  100 cm. lo n g  and 6 .4  cm. 

in s id e  d ia m e te r , c o n s i s t in g  o f  1 ,0 5 5  tu rn s w as wound 

on a  F orm ica tu b e . E x p lo r a t io n  o f  th e  f i e l d  u s in g  an  

e x p lo r in g  c o i l  dem onstrated  th e  f i e l d  to  be i n  agreem ent
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w ith , th e  v a lu e s  c a lc u la t e d  from

H » U j*A (Cos ©2 " Cos ® l)

w here H * F ie ld  i n  ga u ss  

n = Number o f  tu r n s  

i  = C urrent i n  am peres 

L * L ength  o f  th e  c o i l  

© = th e  a n g le  w ith  th e  v e r t e x  on th e  

a x i s  o f  th e  c o i l  and w hose s id e s  

a r e  d e f in e d  by th e  a x i s  o f  th e  c o i l  

and a l i n e  from  th e  p o in t  under con­

s id e r a t io n ,  P , and th e  end tu r n  o f  

th e  c o i l .  S u b s c r ip t  1 i s  u sed  fo r  

th e  a n g le  a t  one end and 2 f o r  th e  

a n g le  su b ten d ed  a t  th e  o t h e r .

The v a lu e  o f  th e  f e r r i c  in d u c t io n , B , produced  

i n  th e  sa m p le , was d eterm in ed  from a 200 tu r n  se a r c h  

c o i l  wrapped on a  p l a s t i c  form . T h is  c o i l  i s  s l ip p e d  

o v e r  th e  sam ple b e fo r e  i t  i s  m ounted i n  th e  m a g n e ti­

z in g  c o i l .  The in d u c t io n , B , was m easured by th e  

d e f l e c t io n  o f  a b a l l i s t i c  g a lv a n o m e ter . U s in g  v a lu e s
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o f  B d eterm in ed  by th e  b a l l i s t i c  ga lvan om eter  and 

v a lu e s  o f  E c a lc u la t e d  from  c u r re n t m easurem ent, v a lu e s  

o f  tb e  p e r m e a b i l i t y ,  co u ld  be d eterm in ed  w ith in  2% 

o f  th o s e  d eterm in ed  on th e  Fahy S im p lex  Perm eam eter.

The m a g n e tiz in g  c o i l  was m ounted i n  th e  v e r t i c a l  p o s i ­

t i o n  on L -sh ap ed  fram e made o f  wood w ith  th e  p a r a l l e l  

p la t e  con d en ser  r e s t i n g  on th e  f o o t  o f  th e  L . A b r a ss  

s tu d  was m ounted a t  th e  upper end o f  th e  wooden L to  

su p p o rt th e  sam ple i n  th e  c o i l .  The sam ple su p p ort  

sy stem  was c o n s tr u c te d  o u t o f  1 / 4  in c h  aluminum r o d .

A u n iv e r s a l  j o i n t  w as p la c e d  i n  t h e  su p p ort r o d s , one  

above and th e  o th e r  below  th e  sam ple to  m in im ize  th e  

r e s t r a i n t  im posed on th e  sp ecim en  w h ile  under t e s t .

The sam ple and th e  su p p ort system  w ere assem b led  on a 

j i g  b e fo r e  in tr o d u c t io n  in t o  th e  c o i l .  P h otograp h s in  

F i g s .  25 and 26 i l l u s t r a t e  th e s e  p o i n t s .

The g r e a t  d is ta n c e  betw een  th e  end o f  th e  c o i l  

and th e  p a r a l l e l  p la t e  con d en ser  w as fou n d  t o  be n e c e s s a r y  

to  a v o id  c o u p lin g  betw een th e  m a g n e tiz in g  c o i l  and th e  

con d en ser  th ro u g h  t h e i r  e le c tr o -m a g n e t ic  f i e l d s .  The 

d is ta n c e  em ployed was a r r iv e d  a t  by f i x i n g  th e  p l a t e s  o f  

th e  p a r a l l e l  con d en ser  a t  a sta n d a rd  s e t t i n g  and w ith  a 

sam ple i n  p la c e  but w ith  th e  d r iv in g  rod  d is c o n n e c te d  

from th e  m ovable p la t e  and th e n  a p p ly in g  th e  f i e l d  H to  

th e  sa m p le . I f  th e  con d en ser  w ere in  th e  f i e l d  o f  th e
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F ig .  25

I l l u s t r a t i o n  o f  
m a g n e t iz a t io n  u n it  
show ing r e l a t i o n  o f  
component p a r t s .

f
•F ig . 26

I l l u s t r a t i o n  w ith  
m a g n e tiz in g  c o i l  
rem oved to  show  
sam ple and s u p p o r ts .
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m a g n e tiz in g  c o i l ,  th e  b ea t n o te  w ou ld  be a f f e c t e d .  The 

d is ta n c e  used  in  th e  c o n s tr u c t io n  o f  th e  t e s t  u n it  i s  

s u f f i c i e n t l y  la r g e  so  th a t  no e f f e c t  co u ld  be o b serv ed  

by t h i s  te c h n iq u e .

V ib r a t io n  from  su rrou n d in g  equipm ent and movement 

o f  p e r so n n e l in  th e  v i c i n i t y  o f  th e  t e s t  fram e caused  th e  

b e a t n o te  to  w ob ble  and d r i f t  a s  d id  th e  s l i g h t  changes in  

tem p eratu re  o f  th e  room i n  an  a ir - c o n d it io n e d  b u i ld in g .

T hese e f f e c t s  w ere m in im ized  by su p p o r tin g  th e  t e s t  fram e  

from  sponge rubber su p p o r ts  i n  a 3 /4  in c h  p in e  box ( " c o f f in " ) .  

T h is i s  p ic tu r e d  in  F ig .  2 7 . W hile th e  d r i f t  o f  th e  zero  

b ea t c o n d it io n  was s t i l l  n o t i c e a b le ,  i t  was red u ced  to  su ch  

a  p o in t  t h a t  i t  d id  n o t i n t e r f e r e  w ith  th e  d e te r m in a t io n .

The change i n  le n g th  due to  m a g n e t iz a t io n  i s  in s ta n ta n e o u s  

and can be fo l lo w e d  so  c lo s e l y  by th e  m easurem ent th a t  a  

s lo w  tem p eratu re  d r i f t  i s  n o t n o t i c e a b le .  The d r i f t  co u ld  

be c a n c e le d  ou t by m aking ohe m easurem ent when th e  f i e l d  

i s  a p p l ie d ,  and a n o th er  when i t  i s  rem oved, and a v e r a g in g  

th e  two v a lu e s .  I t  was fo u n d , how ever, t h a t  th e  change in  

th e  le n g th  was in d ep en d en t o f  th e  i n i t i a l  s t a t e ,  t h a t  i s ,  

w ith  zero  H m a g n etized  o r  d em a g n etized . The r e a s o n s  f o r  

d e m a g n e tiz a tio n  m aking no d i f f e r e n c e  in  th e  m a g n e to s tr ic t io n  

v a lu e s  o b ta in e d  a r e :

(a ) The m a te r ia l  i s  m a g n e t ic a l ly  s o f t  and 

so  d em a g n etizes  e a s i l y .
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(b ) Very l i t t l e ,  i f  a n y , m agneto­

s t r i c t i o n  ta k e s  p la c e  a t  v a lu e s  

o f  B b elow  th e  r e s id u a l  v a lu e ,

Bj«.

F ig .  27

I l l u s t r a t i o n  o f  p in e  
box ( c o f f i n )  u sed  a s  
a th e r m o sta t  to  r e ­
duce tem p era tu re  
d r i f t .

W ith t h i s  eq u ip m en t, i t  i s  p o s s ib l e  to  make a  

d e te r m in a tio n  i n  a p p ro x im a te ly  t e n  m in u te s . The g r e a te r  

p o r t io n  o f  t h i s  tim e  i s  consumed i n  s e t t i n g  th e  f e r r i c  

in d u c t io n , B , by m eans o f  th e  b a l l i s t i c  g a lv a n o m e ter .
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The t e s t  i s  r e p r o d u c ib le  to  w ith in  -2 5  x 10"® 

on f l a t  sa m p le s . Sam ples t h a t  w ere n o t  f l a t  or had n o t  

been h an d led  c a r e f u l ly  w ould n ot g iv e  s a t i s f a c t o r y  r e s u l t s ,

i . e . ,  cou ld  n o t be rep ro d u ced . The equipm ent i s  v e r y  

s a t i s f a c t o r y  f o r  com parison s t u d i e s ,  but i s  n o t s a t i s ­

f a c t o r y  f o r  an  a b s o lu te  stan d ard  b ecau se  th e  f e r r i c  

in d u c t io n  in  th e  sam ple i s  n o t u n ifo rm .

6 .0  -  EXPERIMENTATION

T ransform er f a b r ic a t o r s  w ere d e s ig n in g  t h e i r  

power tr a n sfo r m e r s  to  o p e r a te  a t  a f e r r i c  in d u c t io n , B, 

i n  th e  ra n g e  1 3 .5  -  1 5 .0  k i lo g a u s s  when t h i s  i n v e s t i g a t io n  

was u n d erta k en . I f  n e c e s s a r y  to  m eet a p a r t ic u la r  n o is e  

s p e c i f i c a t i o n ,  th e  in d u c t io n  cou ld  be dropped t o  1 2 .8  

k i lo g a u s s .  At any v a lu e  o f  in d u c t io n  th e  v a lu e  o f
A T d

= I 85 x  10  w ould a l lo w  t h e  m ost s t r in g e n t  n o is e  

s p e c i f i c a t i o n  to  be m e t. W ith th e s e  f i g u r e s  in  m ind , a 

su rv ey  o f  m a g n e to s tr ic t io n  i n  th e  h ig h e s t  grad e tra n sfo rm er  

s t e e l  was u n d erta k en .

6 .1  -  SAMPLBS

Two s h e e t s  o f  tra n sfo rm er  s t e e l  o f  known h i s t o r y  

w ere s e l e c t e d  b e fo r e  th e  f i n a l  h ig h  tem p eratu re  a m e a l .

The a n a ly s is  o f  th e  m a t e r ia l  when th e  s t e e l  w as poured  in t o  

th e  in g o t  m olds showed 4 .8 0 $  s i l i c o n  and .0 3 5 $  carb on ,
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w hich  i s  "normal" for  t h e s e  m a t e r ia l s .  Core l o s s  t e s t s  

on sam p les from  t h i s  l o t  o f  m a te r ia l  gave .50  w a tt/p o u n a  

a t  10  k i lo g a u s s .  The E r ic h se n  number (a  d u c t i l i t y  in d ex )  

was 3 Hm., which i s  a l s o  w ith in  th e  u su a l r a n g e . One 

s h e e t  o f  m a te r ia l  was g iv e n  t h e  r e g u la r  h ig h  tem p era tu re , 

c o n tr o l le d  atm osphere a n n e a l, w h ich  i s  stan d ard  m i l l  

p r a c t i c e .  The o th e r  w as k ep t in  th e  unannealed  o r  "green"  

c o n d it io n  fo r  c o n tr o l p u r p o se s . T h ese s h e e t s  w ere 29 gage  

( .0 1 4 " ) ,  25 x  100 in c h e s .  The end o f  th e  an n ea led  sh e e t  

was cu t o f f  so  a s  to  rem ove th e  b lu e  o x id e  border form ed  

d u rin g  box a n n e a lin g  and th u s  e l im in a te  any p o s s i b i l i t y  

o f  h av in g  a v a r ia t io n  o f  m a g n e to s tr ic t io n  i n  the sam ples  

b eca u se  o f  an end e f f e c t .  From t h i s  cut end, two s e c t io n s  

50 cm. lo n g  w ere sh eared  w ith  th e  m easured d im ension  

p a r a l l e l  to th e  r o l l i n g  d i r e c t io n .  Each o f  th e  50 cm. by 

25 in c h  s e c t io n s  was s p l i t  in t o  50 x  3 ran- E p s te in  sam ples  

w ith  th e  50 can. d ir e c t io n  p a r a l l e l  to  th e  r o l l i n g  d i r e c t io n .  

As th e  f i n a l  cu t was made, the sam p les were numbered from  1 

to  21 c o n s e c u t iv e ly  a c r o s s  th e  s h e e t .  One s e r i e s  o f  21 

sam p les had th e  s u f f i x  "R" a tta c h e d  to  th e  numbers so  th a t  

th e  two s e r i e s  from th e  one s h e e t  co u ld  be d i f f e r e n t i a t e d .  

A nother s e r i e s  o f  E p s te in  sam ples was sh eared  in  a s im i la r  

manner from th e  "green" s h e e t  and had th e  s u f f i x  "G" 

a t ta c h e d  to  th e  n u m erica l d e s ig n a t io n .  T hese th r e e  s e t s
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o f  sam p les w i l l  be' d e s ig n a te d  a s  s e r i e s  one (S r . 1) and 

S e r ie s  R ( S r .  R) and S e r ie s  G (S r . G-), r e s p e c t i v e l y .

6 .2  -  EXPERIMENTS

M a g n e to s tr ic t io n  m easurem ents w ere made on th e  

s t r i p s  o f  S r . 1 w ith  v a ry in g  amounts o f  t e n s io n ;  n am ely , 

1040 grams and 3040 gram s. In  a d d i t io n ,  sam ples 1 ,  5 , 9 ,  

1 3 , 1 7 , and 21 w ere, t e s t e d  w ith  4660 gram s. A l l  th e  

a fo rem en tio n ed  t e s t s  a r e  p r e se n te d  g r a p h ic a l ly  in  F ig .  2 8 , 

Curve 3224 (c u r v e s  ( a ) ,  ( b ) ,  and ( c ) ,  r e s p e c t i v e l y ) .

The c o n c lu s io n s  drawn from  th e s e  data  a r e :

1 .  There i s  t e n - f o ld  v a r ia t io n  in  

th e  s h e e t  a s  p r o c e s s e d  com­

m e r c ia l ly .

2 .  A p p lic a t io n  o f  t e n s io n  r e d u c e s  

m a g n e to s t r ic t io n .

3 . T e n s io n a l s t r e s s e s  tend t o  make 

th e  v a r ia t io n  o f  t h i s  p r o p e r ty  

w ith in  th e  group o f  sam p les  

s m a lle r .

A l l  even-num bered s t r i p s  in  S r . 1 w ere th en  hydrogen  

a n n ea led  i n  a s e a le d  tu b e  ty p e  o f  e l e c t r i c  fu r n a c e  fo r  

t h i r t y  hou rs a t  2200° F . w ith  a dry hydrogen a tm osp h ere . 

T hese s t r i p s  w ere c o a te d  w ith  m agn esia  to  p r e v en t
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200 F i g ,  38 Curve No, 3224 -  V a r ia t io n  of Magne­
t o s t r i c t i o n  w i th  Sample P o s i t i o n  in  a Commer­
c i a l l y  Processed  S h ee t .

A l l  measurements 
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(c) Load * 4660 g r .
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s t i c k i n g .  On Curve No. 3224 (d) th e  r e s u l t s  o f  th e  

m a g n e t o s t r ic t io n  t e s t s  a f t e r  a n n e a lin g  a r e  p r e s e n te d .

T hese t e s t s  w ere run a t  B =15,000 g a u ss  and under a lo a d  

o f  1040 gram s. I t  i s  to  be n o ted  t h a t  t h i s  p r o c e s s in g ,  

in  th e  m a jo r ity  o f  th e  c a s e s ,  g iv e s  a m a te r ia l  w ith  th e  

d e s ir e d  m a g n e to s tr ic t io n  c h a r a c t e r i s t i c s  (± 185 x  10“ ^

—  a t  B *15 ,000  g a u s s ) .  Of th e  te n  sam p les so t r e a t e d ,  

se v e n  a x e  i n  th e  d e s ir e d  ra n g e , w h ile  a l l  a r e  In  th e
A T

ran ge  +50 to  -2 0 0  The cu rve r e p r e s e n t in g  th e s e

v a lu e s  i s  drawn a s  a broken l i n e  b e ca u se  th e r e  now seems 

to  be l i t t l e  or  no f u n c t io n a l  r e l a t i o n  betw een th e  m agneto­

s t r i c t i o n  and th e  p o s i t i o n  o f  th e  sam ple in  th e  s h e e t .

The sam ples o f  S r . G and S r . R w ere co a ted  

w ith  m a g n esia  and g iv e n  th e  same hydrogen  a n n ea l a s  

d e s c r ib e d  a b o v e . R e p r e s e n ta t iv e  s t r i p s  from  th e s e  two 

grou p s o f  sam p les w ere t e s t e d  a t  B = 15 ,000  g a u ss  w ith  a 

lo a d  o f  1048 grams and 3048 gram s. The broken l i n e  

cu rv es  N os. 3226 ( F ig .  2 9 ) and 3227 ( F ig .  30) a g a in  

d em o n stra te  th e  la c k  o f  f u n c t io n a l  r e l a t i o n  betw een  

m a g n e t o s t r ic t io n  and th e  p o s i t i o n  o f  th e  sam ple i n  th e  

s h e e t .  I t  i s  to  be n o te d , how ever, t h a t  th e  v a lu e s  ob­

ta in e d  from  S r . R a r e  much low er  th an  th o s e  o f  S r .  G.

A l l  v a lu e s  f o r  th e  R s e r i e s  a re  n e g a t iv e  whi4.e th o s e  o f  

th e  G s e r i e s  have b o th  p o s i t i v e  and n e g a t iv e  v a lu e s .  The
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F ig . 29 Curve No. 3226 
Variation o f M agnetostriction with 
Sample P osition  in  a Commercially 
Processed Sheet a fte r  f^rdrogen 
Anneal as Epstein S tr ip s.

Curve (a) -  Load = 1040 gr .
Curve (b) -  Load * 4660 gr.

Dan M. Hayes 
11/20/37

ioq

-100

-200

11

Series R Sample No.
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F ig . 30 Curve No. 3227 4 4
V ariations o f  M agnetostriction with 
P osition  in  the "Green" Sheet a f te r  
Hydrogen Anneal as Epstein S trips

Curve (a) -  Load = 1040 gr . Dan M. Hayes
Curve (b) -  Load ■ 4660 gr 

B .  15

11-6-37

100

-10C

-20C

Series G Sample No.
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g e n e r a l iz a t io n s  t h a t  may be made from th e s e  e x p e r i­

m en ts a r e :

1 .  Hydrogen a n n e a lin g , a s  p r a c t ic e d  a t  the R esea rch  

la b o r a to r y , produces a m a t e r ia l  o f  r e l a t i v e l y  lo w  

m a g n e to s tr ic t io n  a s  compared w ith  th e  p la n t  p ro ­

c e s s e d  m a t e r ia l .

2 .  Hydrogen a n n e a lin g  i n  narrow  w id th s  d e s tr o y s  th e  

uniform  v a r ia t io n  o f  m a g n e to s t r ic t io n  shown by 

th e  same m a te r ia l  when a n n ea led  in  w id e  w id th s .

3 .  E l a s t i c  t e n s io n a l  d e fo r m a tio n  i n  t h e  d i r e c t io n  o f  

th e  a p p lie d  m a g n etic  f i e l d  w i l l  u s u a l ly  make 

m a g n e to s tr ic t io n  ta k e  on a more n e g a t iv e  v a lu e .

A f te r  o b s e r v in g  th e  g r e a t  v a r ia t io n  betw een  c e n te r  and 

ed ge sam p les in  S r . 1 ,  i t  w as d e c id e d  to  o b ta in  d ata  

w h ich  would d e s c r ib e  th e  v a r ia t io n  o f  m a g n e to s t r ic t io n  

w ith  in d u c t io n  i n  a sam ple b e lo n g in g  to  th e  two g r o u p s . 

Sam ples 1 and 9 from  S r . 1 w ere t e s t e d  w ith  1040 and 

4660 grams t e n s io n  w ith  th e  in d u c t io n  v a r y in g  from  0 t o -

1 7 ,0 0 0  g a u s s .  The r e s u l t s  shown i n  Curve No. 3228  

( F ig .  31) d em on stra te  th a t  th e  cu r v es  fo r  th e s e  two 

sam p les have th e  same g e n e r a l  c h a r a c t e r i s t i c  sh a p e , 

d i f f e r i n g  p ro b a b ly  by a t e n s io n a l  f a c t o r .
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As n e g a t iv e  v a lu e s  d id  n o t  d ev e lo p  in  the case  

o f  th e  experim en t m en tioned  in  th e  p r e v io u s  paragraph , 

th e  same e x p e r im e n ta l p roced u re  o u t l in e d  was used  on a 

sam ple th a t  was known to  la v e  n e g a t iv e  m a g n e to s tr ic t io n ,  

nam ely , No. 2 1 , or S r .  R .

F ig .  3 2 , cu rve ( a ) ,  i s  th e  r e s u l t  o f  th e  t e s t  

w ith  a lo a d  o f  1040 gram s, w h ile  Curve No. 3 2 2 5 -(b )  

has a t e n s io n a l  lo a d  o f  4660 gram s. W hile th e s e  cu rves  

have n e g a t iv e  v a l u e s , no e v id e n c e  so fa r  p r e se n te d  

d em o n stra tes  t h a t  th e  a p p l ic a t io n  o f  t e n s io n  w i l l  cau se  

a sam p le w ith  p o s i t i v e  m a g n e to s tr ic t io n  t o  ta k e  on nega­

t i v e  v a lu e s .  Curves N os. 3 2 2 5 - (c )  and 3 2 2 5 -(d ) demon­

s t r a t e  t h a t  i t  i s  p o s s ib le  t o  c a u se  th e  p o s i t i v e  

phenomenon t o  become n e g a t iv e  by th e  s im p le  a p p l ic a t io n  

o f  t e n s io n .  T h ese  cu rv es  w ere o b ta in e d  by t e s t i n g  sam ple  

No. 2 1 , S r .  R , a f t e r  ab rad in g  th e  s u r fa c e  w ith  emery 

c l o t h .  The sam ple l o s t  .4  gram, o r  1 $ ,  o f  i t s  w e ig h t  

d u rin g  t h i s  p r o c e s s .  B ecau se  a b r a s io n  r a is e d  th e  magne­

t o s t r i c t i o n  v a lu e s ,  i t  was d e c id e d  to  o b ser v e  th e  e f f e c t  

o f  c a r r y in g  t h i s  p roced u re  f u r t h e r .  Sample No. 2 1 ,

S r . G, was abraded w ith  emery c lo t h  a g a in  w ith  a p e r c e n ta g e  

w e ig h t  l o s s  o f  1.3% . A fte r  t h i s  tr e a tm e n t, i t  was a g a in  

t e s t e d  w ith  two t e n s io n a l  lo a d s ,  nam ely, 1040 grams and 

4660 gram s. The su r fa c e  o f  th e  s t r i p  was s t i l l  p i t t e d  

and d u l l  in  some p la c e s .  To b r ig h te n  a l l  o f  th e  su r fa c e
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and rem ove a g r e a te r  amount o f  m e ta l ,  an a i r  g r in d e r  was 

s u b s t i t u t e d  fo r  th e  emery c lo th  in  th e  t h ir d  a b r a s io n .

I n  t h i s  l a s t  g r in d in g  th e  s t r i p  l o s t  3.9% o f  i t s  o r ig i n a l  

w e ig h t . A gain  i t  was t e s t e d  w it h  two t e n s io n a l  lo a d s  a t  

v a r io u s  in d u c t io n s .  W hile m aking t h e s e  t e s t s ,  i t  was 

o b ser v ed  t h a t  th e  p e r m e a b i l i ty  had been a p p r e c ia b ly  

lo w e r e d , e s p e c i a l l y  a t  th e  lo w e r  m a g n e t iz in g  f o r c e s .

The d a ta  o b ta in e d  i n  th e s e  t e s t s  a r e  p r e se n te d  i n  g r a p h i­

c a l  form  i n  Curve N o. 3229 ( F ig .  3 3 ) .

A gain  a l l  p o s i t i v e  c u r v es  show th e  same ch arac­

t e r i s t i c  d i f f e r e n c e ,  but th e  n e g a t iv e  cu rv es  have ta k en  

on  d i f f e r e n t  shape a t  th e  h ig h e r  in d u c t io n s .  T h is  i s  

n o t  s u r p r i s in g ,  a s  n e g a t iv e  m a g n e to s t r ic t io n  w ould n o t  

n e c e s s a r i l y  be e x p la in e d  by th e  same f u n c t io n a l  r e l a t i o n  

a s  th e  p o s i t i v e  phenomena. I t  i s  c o n c e iv a b le  t h a t  new 

f a c t o r s  make t h e i r  ap p earan ce a s  soon  a s  m a g n e to s t r ic t io n  

becom es n e g a t iv e .  The g e n e r a l i t y  d em on stra ted  h ere  i s  

th a t  by th e  p rop er  c h o ic e  o f  t e n s io n a l  s t r e s s ,  i t  i s  

p o s s i b l e  to  o b ta in  c o n tr o l  o f  m a g n e t o s t r ic t io n .  P r e d ic t in g  

from  Curve No. 3229 , one sh o u ld  be a b le  to  keep m agneto­

s t r i c t i o n  w it h in  th e  ran ge  -  185 2: 10~® ^  when t h e  

in d u c t io n  i s  v a r y in g  from  0 to  20  k i lo g a u s s .

A f te r  th e s e  r e s u l t s  w ere o b ta in e d  by means o f  

s u r fa c e  a b r a s io n , i t  was d e c id e d  to  a ttem p t th e  rem oval 

o f  th e  s u r fa c e  o f  s im i la r  t e s t  s t r i p s  by p i c k l i n g .  The
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hope was th a t  p ic k l in g  would g iv e  th e  same r e s u l t s  a s  

th e  a b r a s io n  tr e a tm e n t . As v a r io u s  in v e s t ig a t o r s  have  

been v e r y  s u c c e s s f u l  in  o b ta in in g  uniform  p ic k l in g  by 

means o f  e l e c t r o l y t i c  m eth od s, s t r i p  N o. 6 o f  S r . 1 was 

ch osen  a s  a t e s t  p ie c e  and two a tte m p ts  made to  remove 

th e  s u r fa c e  by e l e c t r o l y t i c  p i c k l in g .  B oth  a tte m p ts  

w ere f a i l u r e s ,  a s  th e  Tran-Cor c o a t c o u ld  n ot be p en e­

t r a te d  or  d i s s o lv e d  under th e  c o n d it io n s  o f  th e  e x p e r i­

m ent. In  p la c e s  where t h i s  c o a t was n o t c o n tin u o u s , 

h o le s  w ere e a te n  i n  th e  s t r i p ,  but o th e r w ise  no p ic k l in g  

a c t io n  was o b se r v e d . A fte r  t h i s  f a i l u r e ,  i t  was su g g e s te d  

t h a t  th e  use. o f  a s o lu t io n  o f  10% su lp h u r ic  a c id  and 4% 

h y d r o f lu o r ic  a c id  a lo n g  w ith  an in h ib i t o r  m ight remove 

th e  su r fa c e  e v e n ly  w ith o u t a f f e c t i n g  th e  b ase  m e ta l .  A 

t r i a l  experim en t on th e  No. 6 t e s t  s t r i p  dem onstrated  

t h i s  method to  be f e a s i b l e .  S t r ip s  No. 2 0 , I S ,  1 6 , and  

14  o f  S r . 1 w ere th en  g iv e n  t h i s  trea tm en t fo l lo w in g  the  

p r e v io u s ly  m en tioned  hydrogen a n n e a l. A l l  s t r i p s  l o s t  

ab ou t th e  same amount o f  w e ig h t , nam ely , .5  gram, o r  1 . 3%. 

S in c e  th e  g r a in  p a t te r n  had n o t been  d ev e lo p ed  in  th e  f i r s t  

p i c k l e ,  th e  s t r i p s ,  w ith  th e  e x c e p t io n  o f  No. 2 0 , w ere  

e tc h e d  w ith  a 10% s o lu t io n  o f  h y d r o c h lo r ic  and n i t r i c  

a c id s  i n  th e  r a t i o  o f  3 to  1 . The p e r c e n ta g e  w e ig h t  

l o s s  on s t r i p s  No. 1 4 , 1 6 , and 18 w as, r e s p e c t i v e l y ,
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1 3 .8 $ ,  1 1 .4 $ ,  and 1 4 .3 $ .  M a g n e to s tr ic t io n  t e s t  r e s u l t s '  

a t  B =15,000 g a u ss  w ith  a lo a d  o f  1048 grams f o l lo w :

A T. a
M a g n e to s tr ic t io n  x  10

Sample
No. C om m ercially  A fte r  H2 A fte r  1 s t  A fte r  2nd 
S r . 1 P r o c e s se d  Anneal P ic k le  P ic k le

20 108 -1 8 0  -4 2  N ot p ic k le d
18 240 - 1$6  -9 0  -1 3 2
16 378 -9 6  +30 -6 6
14 420 +36 +168 +30

The data  shown i n  th e  t a b le  a re  c e r t a in ly  n o t in  

agreem ent w it h  th e  data o b ta in e d  from  th e  a b r a s io n  

e x p e r im e n ts . T h is  s im p ly  means th a t  th e  rem oval o f  

m e ta l by p ic k l in g  i s  n o t  th e  same a s  th e  rem oval o f  

m e ta l by a b r a s io n . The prim ary d i f f e r e n c e  in  th e s e  two 

o p e r a t io n s  i s  th e  c o ld  w orking o f  th e  s u r fa c e s  in  th e  

c a se  o f  a b r a s io n .

I t  w as d e c id e d  to  a ttem p t to  s e p a r a te  th e  v a r ia ­

b le s  in  th e  hydrogen a n n ea l so  a s  t o  le a r n  th e  n e c e s s a r y  

c o n d it io n s  fo r  th e  p r o d u c tio n  o f  a low  m a g n e to s tr ic t io n  

m a t e r ia l .  T h ese v a r ia b le s  may be ta b u la te d  a s  f o l lo w s :

1 .  M agnesia  C oatin g
2 .  Atm osphere
3 .  Sample W idth
4 .  Tem perature

S t r ip s  N os. 3 , 5 , 7 , and 13 o f  S r . 1 w ere hydrogen  

a n n ea led  w ith o u t  th e  m agn esia  c o a t in g .  The m agneto­

s t r i c t i o n  r e s u l t s  a f t e r  th e  a n n e a lin g  w ere +3 6 , - 1 3 2 , 

-180,- and - 9 6 , r e s p e c t i v e l y .  T hese r e s u l t s  a r e
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com parable w ith  th e  v a lu e s  r e p o r te d  on Curve N o.

3 2 2 4 - ( d ) .  As t h e s e  m a t e r ia ls  a r e  com parable and had 

i d e n t i c a l  tr e a tm e n t , w ith  th e  e x c e p t io n  o f  th e  m a g n esia  

c o a t in g , i t  i s  assum ed th a t  th e  m agn esia  i s  n o t  th e  

prim e f a c t o r  in  th e  r e d u c t io n  o f  m a g n e t o s t r ic t io n  d u r in g  

a hydrogen a n n e a l.

To o b ta in  a p a r t i a l  answ er to  the q u e s t io n  o f  

th e  n e c e s s i t y  f o r  th e  hydrogen a tm o sp h ere , th e  s t r i p s  

m en tion ed  in  the p r e v io u s  p aragrap h , and i n  a d d i t io n ,  

S t r ip s  N os. 1 1 , 1 7 ,  and 19 from th e  same s e r i e s  in  th e  

"as cut" c o n d it io n ,  w ere p la c e d  in  a d o u b le  wrapper  

o f  In g o t I r o n  and a n n ea le d  a t  2200° F . f o r  one h ou r .

The sam p les w ere th e n  a llo w e d  t o  c o o l  w ith  th e  fu r n a c e  

and th e n  t e s t e d .  The r e s u l t s  a re  ta b u la te d  below :

M a g n e to s tr ic t io n  £1: x  10 ”^

Sam ple B e fo re  A fte r
N o. A nneal A nneal Change

3 + 36 +150 +114
5 -1 3 5  + 60  +195
7 -1 8 0  +156 +336

13 -  96 +162 +258
11 +450 + 60 -3 9 0
17 +300 +130 -1 7 0
19 +165 + 7 8  -  87

From t h i s  t a b le  i t  i s  to  be co n c lu d ed  t b a t  a n n e a lin g  

w i l l  e r a se  m ost o f  th e  v a r ia t io n  in  m a g n e t o s t r ic t io n  

a c r o s s  th e  w id th  o f  a s i n g le  s h e e t ,  but w i l l  n o t  

produce th e  sm a ll p o s i t i v e  and th e  n e g a t iv e  v a lu e s  

a s s o c ia t e d  w ith  th e  hydrogen a n n e a l .  T hese c o n c lu s io n s
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a re  d e d u c ib le  from  th e  f a c t s  th a t  a l l  h ig h  v a lu e s  o f  

m a g n e t o s t r ic t io n  became s m a lle r ,  w h ile  a l l  th e  n e g a t iv e  

v a lu e s  became la r g e r .

B ecau se  hydrogen  a n n e a lin g  lo w e r s  m agneto­

s t r i c t i o n ,  one may be l e d  to  b e l ie v e  th a t  th e  a n n ea l  

c a u se s  e l a s t i c  s t r e s s e s  t o  be s e t  up betw een  the  

o u te r  s u r f a c e s  and th e  body o f  th e  m a t e r ia l .  I f  t h i s  

w ere t r u e ,  su ch  a "sh in"  m ight be o b s e r v a b le  under a 

m ic r o sc o p e . To s e e  i f  t h i s  was th e  c a s e ,  s t r i p s  

r e p r e s e n t in g  th e  c e n te r  and edge o f  th e  s h e e t  from  

each  s e r i e s  ( 1 ,  G, and R) w ere s e l e c t e d  and p rep ared  

f o r  m ic r o s c o p ic a l  e x a m in a tio n . T h is  p r e p a r a tio n  i n ­

c lu d ed  copper p la t in g  b e fo r e  m ounting to  in s u r e  th e  

s u r fa c e  o f  th e  m e ta l from  b e in g  d is tu r b e d  d u r in g  th e  

p o l i s h in g  o p e r a t io n . P hotom icrograp hs w ere th e n  made 

a t  a m a g n if ic a t io n  o f  lOOOx. T hese p i c t u r e s ,  w ith  th e  

co rr esp o n d in g  m a g n e to s tr ic t io n  r e s u l t s  and sam ple  

h i s t o r y ,  a r e  shown i n  F ig .  3 4 . The o b v io u s  c o r r e la t io n  

betw een  th e  p ic t u r e s  and m a g n e to s tr ic t io n  i s  due to  

th e  r e l a t i v e  th ic k n e s s  o f  a b la ck  la y e r  betw een  th e  

copper and b a se  m e ta l;  th e  th ic k e r  th e  l a y e r ,  th e  

low er th e  m a g n e t o s t r ic t io n .  The same s t r i p s  u sed  fo r  

m ic r o s c o p ic a l  exam in ation  had th e  su r fa c e  ( . 0005” ) 

rem oved w ith  a m e ta l g r in d in g  co n e . The r e s u l t i n g  

su r fa c e  p a r t i c l e s  w ere th en  a n a ly z e d  fo r  t o t a l  o x id e s ,  

s i l i c a ,  a lu m in a , and m e t a l l i c  ir o n .  No d e f i n i t e
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F ig . 34 11

.Sample 1 -  S r . 1 
M-19S20 -  lOOOx

P  = 120 x 10” 8

E stim a ted  th ic k n e s s  o f  
s u r fa c e  la y e r  « .0 0 0 3  in .  
Edge o f  com m ercia lly  
p r o c e sse d  h o t r o l l  
s h e e t .

Sample 9 -  S r .  R 
M-19621 -  lOOOx

P i  *  414 I  10"SL
E stim a ted  t h ic k n e s s  o f  
su r fa c e  = 0 i n .
C enter o f  com m ercia lly  
p r o c e sse d  h o t r o l l  
s h e e t .

Sample 1 -  S r . R 
M -19824 -  lOOOx

p  = -95 x io - 8

E stim a ted  th ic k n e s s  o f  
su r fa c e  la y e r  =* .00025  in ,  
Edge o f  com m erc ia lly  p ro ­
c e s s e d  h o t r o l l  sh e e t  
a f t e r  c o a t in g  w ith  MgO 
and hydrogen a n n ea l  
i n  E p s te in  s t r i p s .
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F ig . 34

Sample 7 -  S r . R 
M-19&25 -  lOOQx

M  = -6 0  x  10“8
-L
E stim a ted  th ic k n e s s  o f  
s u r fa c e  la y e r  = . 0002$ in .  
C enter o f  com m erc ia lly  
p r o c e s s e d  h o t r o l l  sh e e t  
+ MgO c o a t + hydrogen  
a n n ea l a s  E p s te in  s t r i p s .

Sample 2 -  S r . G 
M -19822 -  lOOOx

M i * 70 x  10~8 
Xj

E stim a ted  th ic k n e s s  o f  
s u r fa c e  la y e r  = .0 0 0 0 9  in .  
G reen com m erc ia lly  h o t  
r o l l  s h e e t  + MgO c o a t  + 
hydrogen  a n n e a l.

Sample 10 -  S r . G 
M-1 9 8 2 3  -  100Ox

Mi = 70 x  10 “8
L
E stim a ted  th ic k n e s s  o f  
s u r fa c e  la y e r  = .00009  i n .  
Green com m ercia lly  h o t  
r o l l  s h e e t  + MgO c o a t + 
hydrogen a n n e a l.
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r e la t io n s h ip s  can be p o in te d  o u t  betw een  t h e s e  a n a ly s e s  

and m a g n e t o s t r ic t io n .  The ch e m ic a l r e s u l t s  a r e  ta b u ­

l a t e d  below:

C h em ica l A n a ly s is  o f  S u r fa c e ______
fo

T o ta l  fa  fa  f> AL g
S e r ie s  Sam ple O xid es S i  02 AI2 O3 F e L

1 1 1 .5 6 .6 0 .9 6 82 120
1 9 ..1 0 .1 0 0 91 414
R 1 1 .1 4 .5 0 .6 4 79 -6 0
R 7 .2 6 .I S .0 8 86 -9 5
G 2 .1 4 .1 0 .0 4 89 70
G 10 .2 2 ,1 8 .0 4 90 70

6 .3  -  CONCLUSIONS

The c o n c lu s io n s  t h a t  may be drawn from  t h e  ex ­

p e r im e n ts  w ith  a f a i r  d egree, o f  c e r t a in t y  a r e :

1 .  A p p lic a t io n  o f  t e n s io n a l  s t r e s s e s  w i l l  a l g e ­

b r a i c a l l y  lo w er  p o s i t i v e  m a g n e t o s t r ic t io n .

2 .  The v a r ia t io n  o f  m a g n e to s t r ic t io n  in  a s h e e t  

may be e x p la in e d  on t h e  b a s is  o f  d i f f e r e n c e s  

i n  e l a s t i c  t e n s io n a l  s t r e s s .

3 .  S u r fa c e  a b r a s io n  w i l l  c a u se  m a g n e t o s t r ic t io n  

to  a lg e b r a i c a l l y  in c r e a s e .

4 .  A g iv e n  sh e e t  o f  m a te r ia l  a s  p r o c e s s e d  co m m erc ia lly  

may be e a p e c ted  to  have a v a r ia t i o n  i n  m agneto­

s t r i c t i o n  o f  from s i x  to  te n  f o l d .
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5 . H ydrogen a n n e a lin g  o f  E p s te in  s t r i p s  w i l l  

u s u a l ly  y i e l d  a p ro d u ct o f  r e l a t i v e l y  low  

m a g n e t o s t r ic t io n .

6 .  By p rop er c o n t r o l ,  th e  l i m i t s  o f  ±185 x  10 ”®

a t  1 5 ,0 0 0  g a u s s e s  may be o b ta in e d .Xi

On th e  b a s i s  o f  th e  ea p erim en ts p erfora ted , i t  

was p o s t u la t e d  th a t  th e  s t r e s s  c o n d it io n  o f  th e  m a te r ia l  

i s  th e  fu n d am en ta l v a r ia b le  in  th e  m a g n e to s tr ic t io n  

c h a r a c t e r i s t i c s  o f  th e  tra n sfo rm er  ir o n .  There i s ,  on  

th e  s u r f a c e ,  a f i lm  t h a t  h a s  a h ig h  e l e c t r i c a l  r e s i s t i ­

v i t y .  T h is  f i lm  i s  composed o f  CaO, S i0 2 , and th e  o x id e s  

o f  ir o n ,  and h as some o f  th e  p h y s ic a l  p r o p e r t ie s  o f  a 

g l a s s .  The f i lm  su p p o r ts  th e  s e c t io n  o f  th e  s h e e t  i n  

t e n s io n .  The v a r ia t io n  i n  m a g n e to s tr ic t io n  o b serv ed  

by th e  a p p l ic a t io n  o f  t e n s io n  to  th e  t e s t  specim en  

su p p o rts  th e  p o s t u la t e  d i r e c t l y .  The rem oval o f  th e  

s u r fa c e  f i lm  by a l l  ty p e s  o f  p i c k l in g ,  e i t h e r  a c id  or  

b a s e , c a u se s  th e  m a g n e to s t r ic t io n  o f  th e  sam ple to  i n ­

c r e a s e .  M oreover, th e  rem oval o f  th e  f i lm  from  one s id e  

o f  a t e s t  sp ecim en  cau sed  i t  to  tak e  on a  c u r v a tu re  w ith  

th e  p ic k le d  s u r fa c e  on th e  concave s i d e ,  i l l u s t r a t i n g  

th a t  th e  s u r fa c e  m a t e r ia l  had been s u b je c te d  to  com­

p r e s s iv e  f o r c e s ,  or  t h a t  e x i s t in g  t e n s io n a l  s t r e s s e s  

had been  r e l i e v e d .
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S im ila r ly  when th e  s u r fa c e  f i lm  i s  removed from  

one s id e  o f  a sam ple by a b r a s io n , th e  s t r i p  ta k e s  on  

a un iform  cu rvatu re  w ith  th e  abraded su r fa c e  b e in g  con­

c a v e . W hile a b r a s io n  o f  th e  s u r fa c e  n o t o n ly  e f f e c t s  

th e  ran o v a l o f  m a te r ia l  *but p rod u ces a c e r t a in  amount 

o f  co ld -w ork  in  th e  sp ecim en  i t s e l f ,  th e  r e l i e f  o f  th e  

f i lm  s t r e s s  i s  ap p aren t in  th e  r e s u l t s  o b ta in e d , and 

th u s  su p p o rts  th e  p o s t u la t e .

The w id e v a r ia t io n  in  th e  m a g n e to s tr ic t io n  v a lu e s  

o b ta in e d  w ith in  a s i n g le  s h e e t  o f  com m ercia lly  p r o c e sse d  

m a te r ia l  i s  th e  r e s u l t  o f  th e  f i n a l  h ig h  tem p eratu re  box 

a n n e a l. An a n a ly s is  o f  th e  tem p eratu re  f lo w  g o in g  in t o  

and from th e  charge o f  a box i s  v e r y  com plex. However,' 

i t  i s  known th a t  a s ta c k  o f  s h e e t  m a te r ia l  has a much 

g r e a te r  therm al c o n d u c t iv i ty  in  th e  p la n e s  p a r a l l e l  to  

th e  main su r fa c e  o f  th e  s h e e t s ,  and has a v e r y  sm a ll  

c o n d u c t iv i ty  p e r p e n d ic u la r  t o  t h i s  s u r f a c e .  T h is  i s  

cau sed  by th e  d i s c o n t in u i t y  and th e  p r e se n c e  o f  a more 

or l e s s  r e f r a c to r y  m a te r ia l  a t  th e  su r fa c e  o f  each  s h e e t .  

As a r e s u l t ,  in  a box a n n e a l th e  s h e e t  i s  h e a ted  and 

c o o le d  p r im a r ily  from  th e  e d g e s , and r e s u l t s  in  q u ite  

la r g e  tem perature g r a d ie n ts  b e in g  p r e se n t  d u rin g  the  

c y c l e .

In  th e  h ig h  tem p era tu re  an n ea l in  h yd rogen , th e  

sam p les a r e  o f  E p s te in  s i z e  and so  a r e  n o t s u b je c te d  

to  v e r y  la r g e  tem p erature g r a d ie n ts  d u rin g  h e a t in g  or

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



c o o lin g  as compared to  a  s ta c k  o f  s h e e t s  in  a box 

a n n e a l. I t  i s  prop osed  t h a t  t h e s e  g r a d ie n t s  a r e  o f  

su ch  a n a tu re  a s  to  produ ce th e  n o n -u n ifo r m ity  ob­

se r v e d  i n  th e  w ide s h e e t  m a t e r ia l .  In  su p p o rt o f  

t h i s  i s  c i t e d  th e  rem oval o f  th e  h ig h  v a lu e s  o f  

m a g n e to s tr ic t io n  in  th e  c e n te r  s e c t io n  when r e ­

an n ea led  in  th e  narrow (3  cm. v s .  7 5 -1 0 0  cm .) w id th s .  

A ls o , i t  sh ou ld  be n o te d  t h a t  th e  p a r t  o f  a  s h e e t  

th a t  ap p roach es th e  r e s u l t s  o f  r e a n n e a lin g  i n  narrow  

w id th s  i s  th e  edge p o r t io n  w h ich  has m ost o f  th e  

c h a r a c t e r i s t i c s  o f  th e  narrow m a t e r ia l . I t  a l s o  

sh ou ld  be n o ted  t h a t  i f  a l l  m a te r ia l  cou ld  be made 

to  have th e  m a g n e to s tr ic t io n  c h a r a c t e r i s t i c s  o f  

edge m a t e r ia l ,  th e  ±185 x  10"^ s p e c i f i c a t i o n  would  

be m e t.

The n e x t  s te p  in  th e  developm ent o f  a . s a t i s ­

fa c to r y  m a te r ia l  from  a m a g n e t o s t r ic t io n  s ta n d p o in t  

in d ic a te d  a p r o c e s s  i n  w hich the s t e e l  w ou ld  undergo  

a h e a t in g  and c o o lin g  c y c le  w h ich  would m in im ize  th e  

edge to  c e n te r  tem p eratu re  g r a d ie n ts  and a t  th e  same 

t im e  a llo w  a maximum e l a s t i c  s t r a i n  to  be d e v e lo p ed  

betw een  th e  s u r fa c e  f i lm  and body o f  th e  m a t e r ia l .  

These c o n d it io n s  seemed m ost l i k e l y  to  be m et by 

a n n e a lin g  th e  m a te r ia l  in  a c o n tin u o u s  o p e n -a n n e a lin g  

fu r n a c e .

P r e lim in a r y  i n v e s t i g a t io n s  on E p s te in  s t r i p s  

and ’’h a l f  sh e e t  w id th s"  sam p les in d ic a te d  th e  p o s s i ­
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b i l i t y  o f  lo w e r in g  m a g n e to s t r ic t io n  by r e a n n e a lin g  in  

a hydrogen atm osphere in  s in g le  s h e e t s .  T hese i n v e s t i ­

g a t io n s  showed th a t  th e  sam ple sh o u ld  be h e a ted  t o  

1450°-155>0° S’. f o r  a t  l e a s t  f i v e  m in u tes  in  hydrogen  

and th e n  c o o le d  f a i r l y  r a p id ly .

A f te r  m aking th e  p r e lim in a r y  t e s t s ,  th e  n e x t  

s te p  was to  run a p i l o t  exp erim en t on th e  com m ercial 

p r o d u c t . S h e e ts  w ere ch osen  from  e le v e n  d i f f e r e n t  

l o t s  o f  com m ercial m a t e r ia l  o f  th e  b e s t  g r a d e . A 

4 5 - in c h  c e n te r  s e c t i o n  o f  ea ch  s h e e t  was sh ea red  o u t  

f o r  a c o n tr o l  sam p le . The s e c t i o n s  a d ja c e n t  to  th e  

c o n tr o l  b lan k s w ere sh ea red  t o  a 4 5 - in c h  le n g t h  and 

th e n  w eld ed  in t o  c o i l s .  T hus, ea ch  c o i l  c o n ta in e d  one  

blan k  from  a g iv e n  l o t .  T hese a r e  l e t t e r e d  A th rou gh  

L , r e s p e c t i v e l y .  Onto each  end o f  th e  c o i l s  a m ild  

s t e e l  " le a d e r ” was w e ld ed  to  e n a b le  th e  fu r n a c e  t o  be  

th rea d ed  w ith o u t a f f e c t i n g  th e  sa m p le s . The fu r n a c e  

was e l e c t r i c a l l y  h ea ted  by e le m e n ts  lo c a t e d  on th e  s i d e .  

The h e a t in g  chamber i s  a p p ro x im a te ly  5* x  4* x  8 * , and 

i s  made o f  b r ic k  su p p o rted  i n  a s t e e l  s h e l l .  I t  was 

eq u ip ped  w ith  a u to m a tic  c o n t r o l s .  The s t r i p  was i n t r o ­

duced in t o  th e  f r o n t  and p u l le d  o u t th rou gh  a  s l i t  i n  

th e  back w a l l  by hand. H ydrogen gas was in tr o d u c e d  

in t o  th e  fu r n a c e  chamber ab ove and b e low  th e  s t r i p .

The r a t e  o f  in f lo w  was 200 cu b ic  f e e t  p e r  h ou r. A f te r
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t l ie  hydrogen flam e bad burned i n  th e  fu r n a c e  f o r  an 

h o u r, one s t r ip  was f e d  th rou gh  a t  t h e .r a t e  o f  o n e -h a lf  

f o o t  p er  m in u te . The tem p eratu re  was m a in ta in ed  a t  

1500° F . A f te r  t h i s  c o i l  was p r o c e s s e d , th e  tem pera­

tu r e  was r a is e d  to  1825° F . and a n o th er  c o i l  was 

p u l le d  th rough  a t  th e  same r a t e .  T h is  l a t t e r  c o i l  

was so  b ad ly  co rru g a ted  lo n g i t u d in a l ly  t h a t  i t  was 

d is c a r d e d . The c o i l  p r o c e sse d  a t  1500° was i n  a f a i r  

c o n d it io n  a f t e r  tr e a tm e n t . The m a te r ia l  was f a i r l y  

f l a t .  I t  seem ed d u c t i l e  and a s l i g h t  o x id e  c o lo r a t io n  

appeared  on m ost o f  th e  b la n k s . T h is was due to  th e  

w ater  vapor in  th e  fu r n a c e  a tm o sp h ere . A ls o ,  i t  was 

found im p o s s ib le  to  add hydrogen f a s t  enough to  cau se  

i t  to  burn a t  th e  e n tra n ce  or e x i t  o f  th e  fu r n a c e .

T h is  means th a t  th e  atm osphere in  the fu r n a c e  was o f  

d o u b tfu l co m p o sitio n  a t  a l l  t im es  d u r in g  th e  p r o c e s s in g  

o f  th e  s t r i p .

A fte r  tr e a tm e n t , th e  b lan k s from each  l o t  o f  

m a te r ia l  w ere cu t from th e  c o i l  a n n ea le d  a t  1500° F . 

From each  b lan k  was cu t an E r ic h se n  sam ple o f  s h e e t  

w id th  (7 M) ,  tw o 3 x  50 cm. E p s te in  sam p les f o r  m agneto­

s t r i c t i o n  t e s t s  a t  15 k i lo g a u s s e s  in d u c t io n  and fo r  

m ic r o s c o p ic a l  ex a m in a tio n , and a one-pound core  lo s s  

sam p le . The core  l o s s  sam p les w ere a l s o  u sed  fo r  sp ace  

f a c t o r  d e te r m in a t io n s .
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The r e s u l t s  o f  th e s e  t e s t s  a re  record ed  i n  th e  

f o l lo w in g  t a b l e s .  R e s u lt s  on  com m ercia lly  an n ea led  

c o n tr o l  sam ples a r e  in c lu d e d  fo r  com parison p u r p o se s . 

In  th e  t a b le ,  th e  ”com m erc ia lly  a n n ea led ” sam p les a re  

d e s ig n a te d  a s  Treatm ent Ho. 1 , w h ile  th e  a n n ea l in  the  

hydrogen atm osphere a t  1500° F . i s  T reatm ent N o. 3 .

For com parison p u r p o se s , th e  a v e r a g e s  o f  each  

trea tm en t w i l l  be c o n s id e r e d . The ” com m ercia lly  

a n n ea le d ” a v e r a g e s  w i l l  be c o n s id e r e d  a s  th e  s ta n d a r d . 

A b etterm en t o f  an e l e c t r i c a l  s t e e l  c h a r a c t e r i s t i c  

w i l l  be d e s ig n a te d  by a p lu s  s i g n ,  a harm ful e f f e c t  by 

a n e g a t iv e  s ig n .

I n s p e c t io n  o f  th e s e  r e s u l t s  d em on stra tes th a t  

the trea tm en t i s  e f f e c t i v e  even  though th e  hydrogen  

atm osphere was o f  d o u b tfu l c o m p o sit io n . A fte r  tr e a tm e n t ,  

th e  o v e r a l l  average  was w it h in  th e  range d e s ir e d  by

Comparison T ab le  

Average % Change Due to  Treatm ent

P ro p er ty

Core L oss -  P . 1 0 /6 0  

P e r m e a b ility  a t  16 K ilo g a u s s e s  

Space F a cto r  

D u c t i l i t y  (E r ich sen )  

M a g n e to s tr ic t io n

1500° F . in  Wet H?

+ 3 .8  

-1 2 %

- M
- 2  .%

+59.0%
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Sample

1-A
3-A

1-B
3-B

1-C
3-C

1-D
3-D

1-E
3-E

1-F
3-F

1-G
3-G

1-H
3-H

1 -1
3-1

1 -J
3 -1

Magne to  s t r i  c t  io n  
3  x  10“8 a t  B=15

C enter Edge Average

$04 102 303
0 366 183

528 -4 8 288
120 422 271

488 30 259
-4 8 66 57

720 210 465
-3 0 84 57

600 462 531
156 156 156

360 0 180
48 42 45

1020 36 528
210 354 282

210 126 168
162 42 102

540 156 348
-7 8 192 135

684 30 357
168 60 114

TEST RESULTS 

Core L oss
W atts A fte r
P 1 0 /6 0 /L b . A ging  
a s P ro - 25 days
c e s s e d  a t  212°F . c!o Aged

.43 .4 4 2 .3

.4 1 .42 2 .4

.42 .43 2 .4

.4 1 .43 4 .9

.4 6 .465 .8

.4 4 .455 3 .4

.4 8 .4 8 0 .0

.4 4 .475 8 .0

.455 .455 0 .0

.55* .625 1 3 .6

.4 9 .5 1 4 .1

.45 . .47 4 .4

.5 1 .5 2 1 .0

.45 .475 5 .6

.4 4 .45 2 .3

.4 2 .435 3 .6

.445 .475 6 .3

.4 2 .445 5 .9

.4 4 .4 4 0 .0

.4 2 .4 4 4 .8

Permea­
b i l i t y
a t  B =l6 $  D u c t i l i t y
K ilo -  Space E r ich sen
g a u sse s  F aotor in  mm.

381 92 3 .3 2
402 92 3 .1 3

314 92 2 .7 2
334 . 92 2 .8 7

250 92 1 .5 3
23 8 92 2 .3 0

340 9 1 .5 2 .5 0
237 9 1 .5 2 .8 3

212 9 1 .5 2 .3 9
220 9 1 .5 2 .0 6

248 9 1 .5 3 .3 5
251 9 1 .5 2 .8 5

304 92 3 .0 6
316 9 1 .5 2 .9 7

258 92 3 .0 7
278 9 1 .5 2 .4 0

400 92 2 .7 2
372 9 1 .5 2 .4 8

246 92 2 .7 7
257 9 1 .5 3 .4 2
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Sample

1-L
3-L

1 -  A ve. 
3 -  A ve.

TEST RESULTS (C ontinued)

M a g n e to s tr ic t io n  
A 
L̂  x  10"8 a t  B-15

Center Edge Average

Core L oss  
W atts
P 1 0 /6 0 /L b . 
a s  P ro­
c e sse d

A fte r  
A ging  
25 days 
a t  212°F . Aged

Permea­
b i l i t y  
a t  B=l6 
K ilo -  
g a u s-  
s e s

io D u c t i l i t y  
Space E r ic h sen  
F a cto r  in  mm.

732
■360

-3 6
-6

384
183

.4 5

.43
.4 5
.455

2 . 2
5 .8

316
300

92
9 1 .5

2 .4 3
1.98

351
143

.4 6

.43
.47
.45

2 . 2
4 .9

319
282

9 1 .9
9 1 .5

2 .7 1
2.66

*T h is sam ple i s  abnormal and so i s  n o t  in c lu d e d  in  th e  core  
l o s s  a v e r a g e s .

I s



rt /-'T,
th e  custom er; n am ely , 185 x  10"° , w h ile  b e fo r e  i t

was more th a n  double t h i s  v a lu e  (351  x  lO"-^® ~ ) .

B e fo r e  tr e a tm e n t , th e r e  w ere  13 o u t o f  22 t e s t s ,  or  

5 9 $ ,w hich w ere o u t o f  th e  d e s ir e d  r a n g e , w h ile  a f t e r  

trea tm en t o n ly  s i x  o f  th e  2 2 , or 27$ ,  w ere u n s a t i s f a c ­

t o r y .  M oreover, th e  g a in  in  co re  l o s s  i s  very  a p p r e c ia b le .  

Of th e  o th e r  c h a r a c t e r i s t i c s ,  o n ly  th e  a g in g  i s  ad­

v e r s e ly  a f f e c t e d  to  an a p p r e c ia b le  e x t e n t .  "While th e  

a n n ea le d  m a te r ia l  d id  age more th a n  th e  com m ercial 

p r o d u c t , th e  a g in g  i s  n o t s u f f i c i e n t  to  be an im portant 

f a c t o r .

W hile th e  p i l o t  experim en t was s u c c e s s f u l ,  i t  

was s t i l l  n o t  s a t i s f a c t o r y  from an atm osphere s ta n d p o in t .

I t  was s t i l l  d e s ir e d  to  have a p r o t e c t iv e  atm osphere  

o f  hydrogen around th e  s h e e t  to  m a in ta in  th e  b e n e f i t s  

g a in e d  from th e  h ig h  tem p era tu re  box a n n e a l . As h as  

been m en tio n ed , th e  h e a t in g  chamber o f  th e  fu r n a c e  was 

so  la r g e  t h a t  hydrogen g a s  co u ld  n o t be added f a s t  

enough to  r i d  the chamber o f  oxygen  w ith o u t danger o f  

an e x p lo s io n .  To c o r r e c t  t h i s ,  a m ild  s t e e l  box  m u ff le  

was c o n s tr u c te d , m easu rin g  a p p ro x im a te ly  10  f e e t  lo n g ,

28  in c h e s  w id e , and 1 - 1 /2  in c h e s  t h i c k .  The box had a 

1 /2  in c h  s l i t  a c r o s s  each  end (28  i n .  d im e n s io n ) . G-as 

c o n n e c tio n s  w ere p r o v id e d , b o th  top and b ottom , a t  th e  . 

c e n te r  o f  th e  m u f f l e .  The m u ff le  was th en  I n s e r te d  in t o
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th e  a n n e a lin g  fu r n a c e  w ith  6 in c h e s  p r o tru d in g  from, 

th e  e n tra n ce  and 18 in c h e s  e x te n d in g  from the r e a r .  

S u f f i c i e n t  g a s  was th en  added to  cau se  hydrogen  gas  

to  burn a t  th e  s l i t s  a t  each  end o f  th e  m u f f le .

Three w elded  c o i l s  f a b r ic a te d  from  s h e e t s  from  

th e  same l o t s  a s  d e s c r ib e d  in  th e  f i r s t  p i l o t  e x p e r i­

ment w ere th en  p r o c e sse d  and th e  m a te r ia l  g iv e n  th e  

same m a g n etic  t e s t s .  R e s u lt s  a re  ta b u la te d  in  Appen­

d ix  IV . The f o l lo w in g  t a b le  g iv e s  a summary from  

w hich  th e  c o n c lu s io n s  may be drawn:

C o il
Temp.
0

Time in
F u rn ace,
M in utes

M agneto­
s t r i c t i o n

^  x  1 0 -8  
a t  B=15

Core
L oss

W/Lb.
1 0 /6 0

Permea­
b i l i t y

p, a t
B=l6

C on tro l — — 344 .45

1 0 -3 /4
Wide 1400 5 155 .449 259

27 Wide 
#8 1500 5 144 .418 304

27 Wide
#9 1500 2 135 .419 284

The m a te r ia l  was v ery  f l a t ,  h av in g  a sp a ce  fa c t o r  o f  

92- 93$ ,  w h ich  i s  eq u a l to  th e  average f o r  th e  com­

m e r c ia l  m a te r ia l  o f  t h i s  ty p e .

From th e s e  r e s u l t s ,  i t  may be con clu d ed  th a t  an 

open a n n ea l a t  1500° F . f o r  a p p ro x im a te ly  f i v e  m in u tes
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w i l l  g iv e  a much im proved p rod u ct from  a m agneto­

s t r i c t i o n  s ta n d p o in t .  M oreover, th e  d e c r e a se  in  core  

l o s s  w i l l  r e s u l t  in  a more v a lu a b le  p r o d u c t , th u s  

p a y in g  f o r  th e  a d d it io n a l  p r o c e s s in g .  There w as some 

in d ic a t io n  th a t  a h ig h er  a n n e a lin g  tem p era tu re  w ould  

im prove th e  d u c t i l i t y  o f  th e  m a t e r ia l .

To exam ine th e  h ig h er  tem p eratu re  r a n g e , th r e e  

more c o i l s  w ere fa b r ic a te d  and p r o c e s s e d  in  an a n a lo g o u s  

manner to  th e  o n es  a b ove . T em peratures o f  1 5 5 0 ° , 1 6 0 0 ° , 

and I 65O0 F . w ere em ployed w ith  a tim e o f  f i v e  m in u te s  

in  th e  fu r n a c e . D e ta ile d  r e s u l t s  a re  g iv e n  in  A ppendix V. 

N oth in g  new was le a r n e d  from  th e s e  e x p e r im en ts , but th e y  

d id  con firm  t h a t  o p e n -a n n e a lin g  o f  th e  com m ercial p rod u ct  

sh o u ld  prod u ce a m a te r ia l  t h a t  would m eet th e  cu stom er’ s 

s p e c i f i c a t i o n  o f  185 x  10“® a t  th e  o p e r a t in g  in d u c t io n ,  

p r o v id ed  t h a t  in d u c t io n  was below  15 k i lo g a u s s e s .  T h is  

p r o c e s s  has been  red u ced  to  com m ercial p r a c t i c e ,  and i s  

p rod u cin g  m a te r ia l  w ith  th e  d e s ir e d  c h a r a c t e r i s t i c s .

6 .4  -  ABRASION EXPERIMENTATION

In  th e  se a r c h  fo r  o th e r  m ethods o f  lo w e r in g  

m a g n e to s tr ic t io n  v a lu e s ,  i t  was d e c id e d  to  i n v e s t i g a t e  

th e  a b r a s io n  p r o c e s s  in  more d e t a i l .  When a b r a s io n  i s  

c a r r ie d  o u t by rubb ing  w ith  emery paper on a  b lo ck  o f  

wood, i t  can be made a d i r e c t io n a l  p r o c e s s  by p a s s in g
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th e  a b r a s iv e  back and f o r t h  in  th e  same p a th . B ecau se  

o f  th e  d im en sio n s o f  th e  sa m p le s , 3 x  50 cm ., th e  s t r o k e s  

ta k e n  w ith  th e  a b r a s iv e  w ere a lw a y s  p a r a l l e l  to  th e  50 cm 

d im e n sio n , w h ich  i s  a l s o  th e  d ir e c t io n  o f  th e  m agneto­

s t r i c t i o n  m easurem ent, AL, and th e  d i r e c t io n  in  w h ich  

th e  in d u c t io n ,  B , i s  m easu red . Three o f  t h e s e  q u a n ti­

t i e s  a r e  p a r a l l e l  by r e a so n  o f  d e s ig n ;  nam ely , th e  

l e n g t h  o f  th e  sa m p le , th e  change in  le n g t h  m easurem ent, 

AL, and the in d u c t io n , B . I t  seem ed r e a so n a b le  to  

e x p e c t  t h a t  i f  th e  d i r e c t io n  o f  a b r a s io n  was to  have an  

a p p r e c ia b le  e f f e c t ,  i t  w ould be o b serv ed  a t  a  maximum 

e x te n t  when c a r r ie d  o u t a t  r ig h t  a n g le s  t o  th e  in d u c t io n ,  

B, and th e  e x te n s io n ,  AL. To t e s t  t h i s  id e a  q u ic k ly ,  

th e  m a g n e t o s t r ic t io n  was m easured on fo u r  sa m p le s , two 

from  th e  edge o f  com m erc ia lly  p r o c e s s e d  s h e e t s ,  and two 

from  th e  c e n te r  o f  th e  same s h e e t s .  T h is was done to  

make c e r t a in  th a t  th e r e  was a ran ge  o f  v a lu e s  i n  th e  

o r ig i n a l  sa m p le s . One p a ir  o f  sa m p les, c e n te r  and e d g e , 

was abraded p a r a l l e l  to  t h e  50 cm. d im e n sio n , w h ile  th e  

o th e r  two w ere abraded  p e r p e n d ic u la r  to  t h i s  d i r e c t io n .  

A l l  sam ples w ere  th e n  r e - t e s t e d .  R e s u lt s  f o l lo w :
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Wt. o f  M a tl.
Removed du r- M a g n e to s tr ic t io n  a t  

D ir e c t io n  in g  A b ra sio n . B=15 K ilo g a u s s e s  (AL) 
o f  A b ra sio n  O r ig . W ts. L
R e la t iv e  to  ab ou t 29 B e fo r e  A fte r

No. F lu x  (50 cm) Grams A b rasion A b ra sio n

M-3
Edge

P er p e n d i­
c u la r

.4 4  grams +72 x  10“8 -3 0  x  10“

M-3
C enter

P erp en d i­
c u la r

.3 6 +198 -3 6

V-3
Edge

P a r a l l e l .5 2 +48 +480

V-3
C enter

P a r a l l e l .3 2 +192 +534

T hese v a lu e s  d em on stra te  t h a t :

1 .  L ig h t  a b r a s io n  p a r a l l e l  to  th e  f l u x  

d ir e c t io n  in c r e a s e s  m a g n e t o s t r ic t io n .

2 .  L ig h t a b r a s io n  p e r p e n d ic u la r  to  th e  

f l u x  d i r e c t io n  d e c r e a se s  m agneto­

s t r i c t i o n .

To exam ine th e  r e la t io n s h ip  f u r t h e r ,  i t  w as 

d e c id ed  to  exam ine o r ie n t a t io n s  betw een  th e  two ex ­

tr e m e s . F iv e  a d ja c en t t e s t  s t r i p s  w ere cut p a r a l l e l  

t o  the r o l l i n g  d ir e c t io n  from  th e  c e n te r  o f  a com­

m e r c ia l ly  p r o c e s s e d  s h e e t .  F iv e  more s t r i p s  w ere  

c u t from th e  same s h e e t  p e r p e n d ic u la r  to  th e  r o l l i n g  

d i r e c t io n .  The m a g n e to s tr ic t io n  was th en  m easured  

on s e v e r a l  o f  th e  p ie c e s  to  d eterm in e th e  m agneto-
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s t r i c t i o n  o f  th e  m a te r ia l  a s  r e c e iv e d .  Two p ie c e s  

(one p a r a l l e l  and one tr a n s v e r s e  to  th e  r o l l i n g  d ir e c ­

t io n )  w ere th en  abraded in  th e  0 ° ,  3 0 ° ,  4 5 ° , 6 0 ®, 9 0 ° 

d ir e c t io n  r e l a t i v e  to  th e  50 cm. d im en sion .

W eight M a g n e to s tr ic t io n  
A bra- L oss (AL/L a t  B =15) 
s io n  D uring

R o ll in g * D ir e c - Abra­ A fte r
D ir e c t io n  t io n * s io n B e fo re  A b rasion A b rasion  Chan*

P a r a l l e l 0 ° .5 0 318 x  1 0 -8 420 x  10“8 +102

fT 30 .42 342 372 +32

» 45 .75 330 330 0
If 60 .4 0 330 ( E s t i ­

m ated)
270 -6 0

ft 90 .40 330 ( E s t i ­
m ated)

180 -1 5 0

T rans­
v e r s e

0° .52 219 ( E s t i ­
m ated)i

324 +105

»T 30 216 Bent d u rin g  
a b r a s io n .

ft 45 .86 222 284 +62

If 60 B ent d u rin g  
a b r a s io n .

ft 90 .48 219 ( E s t i ­
m ated)

156 -6 3

^ D ir e c t io n s  m easured r e l a t i v e  t o  th e  
50 cm. d im en sion  o f  th e  E p s te in  s t r i p .

The c o n c lu s io n s  to  be drawn a r e :
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1 -  The e f f e c t  on m a g n e to s tr ic t io n  by s u r fa c e  a b r a s io n

i s  dependent upon th e  r e l a t i o n  betw een the d ir e c ­

t io n  o f  a b r a s io n  and tfce d i r e c t io n  o f  m a g n etic  

f l u x .

2 -  When th e  d i r e c t io n  o f  a b r a s io n  i s  p a r a l l e l  to  th e

in d u c t io n , B, th e  change in  m a g n e to s tr ic t io n  i s  

a t  a p o s i t i v e  maximum.

3 -  When th e  a b r a s io n  i s  p e r p e n d ic u la r  to  t h e  in d u c t io n ,

th e  change in  m a g n e to s tr ic t io n  i s  a t  a n e g a t iv e  

maximum.

4  -  The e f f e c t  i s  a minimum when th e  a b r a s io n  i s  a t

4 5 ° to  th e  in d u c t io n .

F o llo w in g  t h e s e  e x p e r im e n ts , th e  same id e a s  w ere  

c a r r ie d  o u t on f u l l - s i z e d  s h e e t s  u s in g  f l o o r  sa n d ers  

and sand b la s t  to  a c co m p lish  th e  a b r a s io n  w ith  e s s e n ­

t i a l l y  th e  same r e s u l t .  A p a te n t  a p p l ic a t io n  was f i l e d  

and th e  p a te n t  i s s u e d  c o v e r in g  th e  u se  o f  a b r a s io n  fo r  

th e  c o n tr o l  o f  m a g n e t o s t r ic t io n .  The p a te n t  number i s  

U . S . 2 ,2 3 4 ,9 6 8  (A ppend ix  V ll  The g r e a t  d i f f i c u l t y  

i n  th e  u se  o f  t h i s  m ethod com m erc ia lly  i s  th e  i n a b i l i t y  

o f  c o n t r o l l in g  th e  a b r a s io n  p r o c e s s  so  a s  to  do a minimum 

amount o f  harm to  th e  p e r m e a b il ity  and co re  l o s s  th rou gh  

th e  in tr o d u c t io n  o f  n o n - e l a s t i c  s t r e s s e s .  The sp a ce
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f a c t o r  a l s o  i s  a d v e r s e ly  a f f e c t e d ,  f o r  th e  m a te r ia l  

m ust be c o a te d  to  r e e s t a b l i s h  th e  in te r la m in a t io n  

r e s i s t i v i t y .

7 .0  -  SUMMARY

The r e s u l t s  o f  th e  work p r e s e n te d  in  t h i s  d i s ­

s e r t a t i o n  a r e  as f o l lo w s :

1 .  The a p p l ic a t io n  o f  W heddington’ s  u ltr a -m ic r o m e te r  

to  the m easurem ent o f  th e  J o u le  m a g n e t o s t r ic t iv e  

e f f e c t  in  E p s te in  sam p les o f  s i l i c o n - i r o n .

2 . I n v e s t ig a t io n  o f  t h e  v a r ia b le s  a f f e c t i n g  m agneto­

s t r i c t i o n  in  s i l i c o n - i r o n  s h e e t s .

3 .  D evelopm ent o f  m ethods o f  p r o c e s s in g  s u i t a b le  f o r  

th e  c o n tr o l  o f  th e  J o u le  m a g n e t o s t r ic t iv e  e f f e c t .
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I k

A C K N O W L E D G M E N T

A p p r e c ia t io n  i s  e x p r e sse d  f o r  t l ie  g ra n t o f  

th e  c o o p e r a t iv e  f e l lo w s h ip  made p o s s ib l e  by th e  

j o i n t  c o n tr ib u t io n s  o f  The Am erican R o l l in g  M il l  

Company (ARMCO) and th e  U n iv e r s i t y  o f  C in c in n a t i .

I t  i s  d e s ir e d  p a r t i c u la r ly  to  e x p r e ss  than ks fo r  

th e  o p p o r tu n ity  o f  p r e s e n t in g  th e  t h e s i s  a f t e r  the  

e la p s e  o f  some f i v e  y e a r s  w h ich  w ere o c c u p ie d  by  

s e r v ic e  in  W orld War I I .

The s u b je c t  o f  th e  t h e s i s  was s u g g e s te d  by 

Dr. Anson H ayes, D ir e c to r  o f  th e  ARMCO R esea rch  

L a b o r a to r ie s . H is  s u g g e s t io n s  and d is c u s s io n s  o f  

th e  problem  w ere t im e ly ,  i n t e r e s t i n g ,  and a so u rce  

o f  encouragem ent.

The E l e c t r i c a l  S t e e l  r e s e a r c h  group o f  ARMCO, 

headed by Mr. G. H. C o le , was e x c e e d in g ly  h e lp f u l  

and c o o p e r a t iv e  in  a l l  p h a ses  o f  th e  w ork. P a r t ic u la r  

m en tio n  sh o u ld  be made o f  Don S . W olford  and Y. W. 

C arp en ter , th e  form er in  r e l a t i o n  t o  m ethods o f  t e s t ­

in g  m a g n etic  m a t e r i a l s ,  and th e  l a t t e r  fo r  h i s  

thorou gh  know ledge o f  p r o c e s s in g .

Mr. J .  C. Young, S u p e r v iso r  o f  A pparatus  

D e sig n  and C o n str u c tio n  a t  ARMCO, and h i s  t e c h n ic ia n s ,
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made p o s s ib le  th e  c o n s tr u c t io n  o f  much o f  th e  

equipm ent used in  c o n n e c tio n  w ith  t h i s  work.

Many o th e r s  c o n tr ib u te d  to  th e  s u c c e s s  o f  

t h i s  p r o j e c t ,  and t h e i r  e f f o r t s  a r e  g r e a t ly  appre­

c ia t e d ,  even though sp a ce  d o es  n o t  p erm it t h e ir  

b e in g  s p e c i f i c a l l y  m en tio n ed .

Dan M. H ayes
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APPENDIX I

Filament 
'!• 2,5V Heaters
C - J t

Capacitors

-  Variable Comparison Condenser 
Cg -  P a ra lle l P late Extensometer 
Co -  & u fd . E lec tro ly tic  
Ca thru C9  -  ,01 u fd .
c10 & CU  " *3° uufd» 
c 1 2  & c13 " 2 5 0  uufd.
CU  -  .25 u fd .

C ircu it Diagram o f the Beat 
Frequency O scilla to rs ~

R]_ — 5 0 , 0 0 0  ohm 
R2  & # 3  -  1  megohm 
R7 & H; -  5 0 , 0 0 0  ohm 
Rj & -  1 0 0 , 0 0 0  ohm
Rg -  3 6 0  ohm

-  1 0 , 0 0 0  ohm; 1  watt

MA 0-5

1 O 0 G

1/ 90V
B attery or Power Pack

APPENDIX 
I



nr
I

n — f—i“i —r ~i—i~I » I i * i , ! I » l i i I

i / l o ” Forraica

• n

0.05 cm. thread

x L L i J . L -
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APPENDIX I I

P ara lle l Plate Condenser 
or E;ctensometer

Scale l !l = 1"
M aterials:

Frame -  1" Formica
Upper p la te  & assembly -  Aluminum
Lower plate & assembly -  Brass
No iron or other magnetic m aterial
used in the construction o f th is
item.

APPENDIX I I

.Op cm. thre 
not shown

p cap screws not 
shown in  view
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APPENDIX III

CALIBRATION CALCULATIONS

A. D isp lacem en t th rou gh  known D is ta n c e

280 D iv is io n s  = .833  x  10“  ̂ cm.*

1 D iv is io n  = .8 3 3  x  10" ̂  cm.
280

= 2 .9 7  x  10"  ̂ cm. 

W ith m easurem ents on 50 cm. sam ples

AL „ 2 .9 7  i  10 "6 -  5 .9 6  x 10"8
L 50

B . C a p acitan ce  M easurement

c .  .0885  AK
S

dC ,  - .0 8 8 5  AK
dS S2

C -  600 p .) if  A -  62 t t  *  1 1 3 .1  cm. 2 K =  1

S = .i£L$$.5 2,»A = 1 .6 7  x 10 “2 cm.

Then
. -  3 .5 8  x  104

dS (1 .6 7  x  10^ 2)2

For AS < < S

AC = 3 .5 8  x  104  AS 

AC x  2 .8 2  x  10“ 5 = AS
or now

AC -  1 D ia l  D iv i s io n  = .1 0 6  ytp£ . ’ . AS -  3 .0 2  x  10"6

AL = 3 .0 2  x  10 8 = 6 .0 4  x  10- 8  cm.
L 50
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A P P E N D I X  17

TABLE I

MATERIAL USED FOR OPEN ANNEALING EXPERIMENTS

Code H eat N o. L ot N o. Box No

A 9 3 1 5 -0 52014 73061

B 9275-W 51818 72823

C 9315-T 52124 73139

D 9287-T 52111 73115

E 9348-V 52207 73071

F B -9355 -P 52055 73084

G 9317-P 51893 72894

H 9 2 87-S 52028 73071

I 9287-P 52010 73060

I 9291-T 52104 73107

L 9287-T 52143 73154

P ro d u c tio n  
S to c k  L ad le  C o n tr o l T e s t s  

Card N o. S i l i c o n  W/Lb. E r ic h se n

920145-B 4 .7 9 •48 2 .8

919063-C 4 .8 0 .4 9 5 3 .2

920187 4 .7 9 .4 8 5 3 .2

919675-B 4 .8 1 • -p~ 00 3 .1

920167 S t .G r . .4 2 S h ee t

919893 4 .8 3 .4 8 2 .8

42017 4 .7 8 .5 2 3 .9

9 1 9 9 5 4 -0 4 .8 1 .4 8 2 .8

9 1 9 9 5 2 4 .8 1 .4 9 5 2 .8

919390 4 .7 5 .4 7 3 .1

920158-C 4 .8 1 .4 7 2 .7

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



R
eproduced 

with 
perm

ission 
of the 

copyright ow
ner. 

Further reproduction 
prohibited 

w
ithout perm

ission.

TABLE I I  -  AVERAGE ERICHSEN VALUES OF THE MATERIAL AS MILL ANNEALED
AND OPEN ANNEALED IN THE LABORATORY

Code

As M il l A nnealed
10-3 /4 '*  Wide C o il 0A 
a t  1400°F , 1 F t ./M in .

27" Wide 
2 - l/2 '/M :

C o il 0A a t  
Ln. a t  1500°F .

27" Wide 
1500°F . i

C o il 0A a t  
a t 1 F t ./M in .

E r ich sen  
in  ram.

'% o f Draws 
under 2 mm.

E r ic h sen  
in  mm.

fo of Draws 
under 2 mm.

E r ich sen  
in  ram.

fo of Draws 
under 2 mm.

E r ic h sen  
in  mm.

fo of Draws 
under 2 mm.

A 3 .3 2 20 2 .4 6 20 2 .7 2 0 3 .3 5 0

B 2 .7 2 30 1 .4 6 100 1 .9 8 50 2 .6 5 10

C 1 .5 3 100 1 .8 4 80 1 .8 6 70 2 .1 2 40

D 2 .5 0 10 1 .6 0 100 1 .7 3 90 1 .6 6 70

E 2 .3 9 30 1 .5 6 100 1 .6 1 100 1 .4 6 100

F 3 .3 5 10 2 .5 2 20 1 .8 8 80 2 .0 4 30

G 3 .0 6 10 3 .1 8 20 2 .9 8 10 3 .1 6 0

H 3 .0 7 0 2 .3 2 20 2 .8 4 0 3 .1 9 0

I 2 .7 2 0 1 .9 0 60 3 .2 3 0 2 .3 1 50

J 2 .7 7 40 3 .0 4 20 3 .4 1 0 3 .4 6 0

L 2 .4 3 10 3 .2 0 0 2 .0 7 40 1 .8 4 60

Avg. 2 .7 1 24 2 .2 8 49 2 .3 9 40 2 .4 8 33

F o o tn o te : One f t . / m i n .  e q u iv a le n t  t o  5 m in. in  h e a t in g  chamber.

S . I .  38-201
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TABLE I I I  -  RESULTS OF MAGNETIC TESTS OF OPEN ANNEALED COILS*

Com­
mer­
c i a l  10-3/A" C oil
T est OA a t  1400°F. Blank #7 C o il 7/8 Open Ann, a t

Lot a t  l '/M in .  M ill Annealed 1500°F. a t  2 - l / 2 f/M in.
W/LbV W/Lb. B=16 % * fo
10/60 10/60 S t.G r . W/Lb. 10/60 C ra in  W/Lb.. 10/60 G rain  S t.G r .

Code 5 0 - 5 0  S t ,G r . M S t ,G r , 50-50 F a c to r  S t .G r . £0-50 F a c to r  n

A .48 .465 224 .4 2 2 359 .40 .51 371

B .495 .473 240 .43 .5 1 16 .4 0  . .495 19 397 .395 332

C .485 .435 263 .435 229 .4 2 251

D .48 .450 297 .435 229 .435 222

E .4 2  St. .437 240 .39 381 .435 219

F .48 ,440 265 .466 .48 2 ,4 4 .4 4 0 248 .43 .46 224

G .5 2 .475 272 .505 .5 1 1 .445 .4 9 9 306 .445 .475 309

H • 48 •440 287 .420 261 .4 1 248

I .4 9 5 .470 224 .4 1 5 276 .4 0 402

J .47 •440 232 .4 2 .485 9 .405 •46 12 322 .395 .445 246

L .4 7 .4 1 2 313 .43 .4 6 6 .3 9 .445 12 335 .3 8 .445 305

Avg. .485 .449 259 .45 .4 8 9 7 .418 .466 10 304 .4 1 4 .467 284

C o il #9 Open 
Ann, a t  1500°F. 
a t  1 » /m in.

b=k t
W/Lb. 10/60 S t.G r . 

S t .G r . 50-50 V.

Blank
#10

as
M ill
Ann.
W/Lb.
1 0 /6 0
S t.G r .

.43

.4 2

.4 6

.4 8

♦ 48

.49

.515

,4 4

.445

•440

.450

.46

Avg, of G rain  F a c to r  Samples .416 

*A11 m agnetic t e s t s  on a s -c u t sam ples.
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T ab le IV -  C ontinued

Sample P o s i t io n M il l  A nnealed

1 0 -3 /4 "  C o il  
0A a t  1400°E . 
a t  1»/M in .

C o il  #8 0A a t  
1500°E . a t  
2 -1 /2 » /M in .

C o il  #9  
1500°E , 
I 1/M in .

I Edge 156 54 0 6
C enter 540 336 156 138
Avg. 343 195 78 72

J Edge 30 54 -3 6 42
C enter 628 186 264 90
Avg. 857 120 150 66

L Edge -3 6 -7 8 -3 6 -7 8
C enter 732 240 222 216
Avg. 384 159 129 147

A vg. fo r Edge 112 40 58 83
Treatm ent C enter 575 270 231 186

Grand Avg. 
fo r
Treatm ent 344 155 144 135

*A11 t e s t s  run a t  15 k i lo g a u s s  in d u c tio n  under a lo a d  
o f 1040 gram s.

I



APPENDIX V

A ugust 1 ,  1938  

From: Dan M. Hayes

To: G. H. C o le , A s s o c ia t e  D ir e c to r ,  R esearch

S u b je c t:  LOW TEMPERATURE OPEN ANNEALING OF #000 AW
COILS.

S . I .  3 8 -2 6 4  (M a g n e to s tr ic t io n  Supplem ent)

In  my l e t t e r  o f  June 1 0 , 1938 ( S . I .  3 8 -201  -  M agneto­
s t r i c t i o n  Supplem ent) i t  was p o in te d  o u t  th a t  th e r e  was 
some in d ic a t io n  t h a t  a h ig h er  tem p eratu re  th an  1500° F . 
m igh t be ad van tageou s fo r  lo w e r in g  m a g n e to s t r ic t io n  and 
co re  l o s s .  S in c e  th a t  d a t e ,  th r e e  t e s t  c o i l s  o f  m a te r ia l  
have been p r o c e s s e d  f o r  f i v e  m in u te s  a t  1550° F . ,  1600° F. 
and 1650° F . ,  r e s p e c t i v e l y ,  in  a hydrogen a tm osp h ere .

Each c o i l  c o n ta in e d  b lan k s from  t e n  d i f f e r e n t  l o t s  o f  
m a t e r ia l .  M a g n e to s tr ic t io n  sam ples were cu t from  th e  
edge and c e n te r  o f  each  b lank  and t e s t e d  a t  1 2 .$  and 1$ -
k i lo g a u s s e s .  For ea ch  t e s t  on a t r e a t e d  m a t e r ia l  th e r e  
was a c o rresp o n d in g  t e s t  on an "as m i l l  an n ea led "  c o n tr o l  
sam ple from  th e  same s h e e t .  The r e s u l t s  o f  th e s e  t e s t s  
a r e  r e p o r te d  in  th e  appended t a b l e .

My a n a l y s i s  o f  t h e s e  data  i s  a s  f o l lo w s :  There i s  l i t t l e
or  no d i f f e r e n c e  in  the m a g n e to s tr ic t io n  c h a r a c t e r i s t i c s  
o f  th e  c o i l s  a n n ea led  a t  th e  th r ee  te m p e r a tu r e s . T h is  
s ta te m en t i s  based  on  th e  a v e r a g e s  o f  th e  t e s t s  on c e n te r  
s t r i p s .  T hese f i g u r e s  a re :

T e st  a t  B =12.5

L
AL
L
AL
L
AL
L
AL
L

C o il #4 A nnealed a t 1550° F . A ve. -8 1 X

to1orH

C on tro l -1 8 8  x  1CT1

C o il #3 A nnealed a t 1600° F . A ve. -8 8 X i o - 8

C on tro l -1 7 5 X

toiorH

C o il #1 A nnealed a t 1650° F . A ve. -8 8 X 10“ 8

C on tro l -1 7 5 X

toiorH

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



-2 - AEPENDIX 7

Mr. G. H. Cole - 2 - A ugust 1 ,  1938

C o il #4  
C ontrol

C o il #3 
C on trol

C o il  #1 
C ontrol

T est a t  B =15.0  

A nnealed  a t  1550° F , A ve. =

A nnealed  a t  1600° F . A ve. =

A nnealed a t  1650° F . A ve. =

181
305

155 
29 8

179
298

From the s ta n d p o in t  o f  m a g n e to s tr ic t io n , one a n n ea lin g  
tem p erature has l i t t l e  or  no ad van tage o ver  any o th e r  
w ith  th e  l im i t a t io n  th a t  th e  tem p eratu re  be above  
1500° F .

The exp erim en ts a l lo w  th e  c o n c lu s io n  th a t  i f  m agneto­
s t r i c t io n ^  v a lu e s  a r e  i n  th e  neighborhood o f  100 to  
400 x  10"s  AL th e y  may be red uced  by open a n n e a lin g  
i n  hydrogen1* to  100 or below  when m easured a t  1 2 .5  
k i lo g a u s s e s .

Dan M. Hayes

cc: W. 7 . Beck
D. E p pelsheim er  
C. E . G iffo r d  
A. Hayes 
A. F . Murphy
C. ¥ .  R ust 
F i l e

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



APPENDIX 7

MAGNETOSTRICTION TEST DATA

1-Edge Sample at &
1 2 -C en ter  Sample M a g n e to s tr ic t io n  ( j — x  10" )

Sam cle

T e ste d  a t  B=15 T e sted  a t B=12.5
A nnealed  
a t  1500°F, C ontrol

A nnealed  
a t  1 5 0 0 °F . C on tro l

M -  4  -  1 54 198 00 90
12 240 240 120 150

N -  4 -  1 78 168 36 108
12 186 174 90 78

0 - 4 - 1 -1 6 2 162 -9 6 90
12 174 78 72 12

P -  4 -  1 54 -9 0 6 —  —

12 216 318 84 234

R -  4 -  1 -1 2 0 180 -1 1 4 -9 6
12 204 486 84 264

S -  4 -  1 66 156 6 72
12 176 408 90 258

T -  4 -  1 132 12 72 -4 2
12 222 450 126 330

U -  4 -  1 -1 2 198 -2 4 108
12 234 228 84 156

7 - 4 - 1 162 204 - 9 6 102
12 - 2 4 300 - 6 156

W -  4 -  1 -3 6 0 276 276 168
12 138 288 288 162

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



APPENDIX V.
- 4 -

MAGNETOSTRICTIQN TEST DATA

1 -  Edge Sample at g
12 -  C en ter  Sample M a g n e to s tr ic t io n  (—  x  10“° )

Sam el e

T e ste d  a t B =l? T e ste d  a t B =12.5
A nneal ed 
a t  1600° F. C o n tro l

A nnealed  
a t  1600° F. Contri

M -  3 -  1 72 198 30 90
12 19 8 240 102 150

H11£ 120 168 30 108
12 186 174 126 78

a  -  3 -  i 60 162 6 90
12 24 78 12 12

P -  3 -  1 24 -9 0 -2 4 ---
12 168 318 96 234

R -  3 -  1 18 180 00 96
12 76 486 24 264

S -  3 -  1 114 156 42 72
12 228 408 136 258

T -  3 -  1 12 -4 8
12 ----- 450 ----- 330

U -  3 -  1 -1 8 198 -2 4 108
12 186 228 120 1 5 6

Y -  3 -  1 48 204 ' 12 102
12 192 300 114 156

¥  -  3 -  1 12 276 -1 8 168
12 138 288 60 162

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



APPENDIX 7
- 5 -

MAGNETOSTRICTION TEST DATA

1 -  Edge Sample 
12 -  C enter Sample

/\Jt
M a g n e to s tr ic t io n  ( ~  x  10" )

Sample

T ested  a t  B=15 
A nnealed
a t  1650° E . C on tro l

T ested  a t B =12.5
A nneale d 
a t  1650° F . C on tro l

-  1 48 198 00 90
12 192 240 78 150

-  1 126 168 36 108
12 22 8 174 96 78

-  1 46 162 00 90
12 ISO 78 96 12

-  1 60 -9 0 24 —

12 168 318 90 234

-  1 96 180 30 96
12 150 486 66 264

-  1 72 156 48 72
12 150 40 8 72 258

-  1 174 12 90 —42
12 312 450 144 330

-  1 72 198 24 108
12 138 228 54 156

-  1 36 204 - 6 102
12 210 300 108 156

-  1 36 276 -1 2 168
12 162 288 84 162

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Patented Mar. 18, 1941 2,234,968

UNITED STATES PATENT OFFICE
2,234,968

ART OF REDUCING MAGNETOSTRICTIVE 
EFFECTS IN MAGNETIC MATERIALS

Dan M. Hayes and Don S. Wolford, Middletown, 
Ohio, assignors to The American Rolling Mill 
Company, Middletown, Ohio, a corporation of 
Ohio

Application November 12,1938, Serial No. 240,202 
14 Claims. (Cl. 175—356)

The phenomenon of magnetostriction, which is 
the property possessed by many magnetic ma­
terials of undergoing a dimensional change or dis­
tortion when magnetized and de-magnetized is 

5 well known. I t  becomes a significant factor in 
the construction particularly of electrical power 
transformers, since the magnetostriction of the 
core is an important source of the noise emanat­
ing from these transformers when in operation. 

10 The noise becomes so great in some instances as 
to constitute a  public nuisance. As a conse­
quence, it is desired to provide magnetic ma­
terials for this and for analogous uses, in which 
materials the magnetostrictive effect is at a 

15 minimum. It has come to be the practice.to 
purchase magnetic materials to be used for such 
purposes on specifications, one feature of which 
is a maximum permissible magnetostrictive ef­
fect. Different magnetic materials have differ - 

20 ent magnetostrictive characters; but it will fre­
quently be found that different portions of the 
same batch of sheets exhibit different magneto­
strictive effects. The cause of this variation in 
magnetostriction is not fully understood. A great 

25 deal of work has been done on various ways of 
minimizing magnetostriction, but so far as we 
know, without significant result.

The improvements in the magnetic properties 
of core loss and permeability, which have been 

30 made from time to time have made possible con­
siderable economies in transformer design which 
involve the operation of the transformers at 
higher and higher induction. The magnitude of 
the magnetostrictive effect, however, increases 

35 with the induction, and further progress in this 
direction is blocked by its rising to a point where 
the transformers become objectionably noisy. In 
many cases it is necessary, because of this ef­
fect, to design transformers to operate a t lower 

40 inductions than the Induction at which they 
should operate to take full advantage of the 
otherwise excellent magnetic properties of the 
core material. This lowered induction makes it 
necessary to use more material in the core, which 

45 increases its cost and size. Removal of this mag­
netostriction limitation is obviously desirable, not 
only to reduce the noise from transformers of 
present design, but to permit the complete utiliza­
tion of the properties of present and future core 

50 material.
Various tests for magnetostriction and for the 

effect of magnetostriction in transformer opera­
tion have been worked out, but it is not felt that 
these need be described here.

65 The noise level in a transformer is usually

measured in decibel units. The unit is defined 
by the following relation:

db. = 1 0  logio^J^ (1)
Pi=Power in the sound wave being measured 5
Pz=Power in a standard comparison wave of low 

intensity
The power in a sound wave is proportional to the 
square of the amplitude (a) of the wave. 10

P=KKa)* (2)
If in addition it be assumed that the amplitude 
of the sound wave is proportional to the magneto­
striction (AL/L) one obtains for the power 15

P=KHa)2=(KHK’')*X(.&L/L)*) (3)
Where AL/L represents the ratio of the change
in length to the original length, 1. e., the magneto­
striction. Substituting back in Equation (1) one 20  
can obtain

d6.=201og10ggg-;
By measuring the noise level of a  transformer, 
and the 'magnetostriction of the steel in that 25 
transformer, application of the above relation 
will give the noise level of the transformer for all 
possible magnetostriction values.

On one batch of transformers recently tested 
for magnetostriction and noise level, the magneto- 30 
strictive effect was found to have a value of 
500x10-* which was representative of a  noise 
level value of 90 'decibels. Such a transformer 
therefore produced a noise level equivalent to 
that of the average motor truck at a distance of 35 
fifteen to twenty feet.

The object of our invention is the provision of 
a means of treating electrical steels to diminish 
their magnetostrictive effect, and the production 
of a new material as so treated. It is an object 40 
of our Invention to provide a method of treating 
magnetic material which does not add greatly to 
the cost of it and which may be practiced upon 
the material either in the form of sheets or strips 
or in the form of completed transformer punch- 45  
ings. It is an object of our invention to provide 
a treatment which not only may be applied to 
material in the course of manufacture so as to 
deliver a finished product having a minimum of 
magnetostriction for the particular analysis in- 60 
volved, but also which may be applied to a series 
of .stampings found by test to have too high a 
magnetostrictive effect so as to salvage such ma­
terials when otherwise they would have to be 
discarded. 65

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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These and other objects of our Invention which 
will be understood by the skilled worker in the 
art more fully upon reading these specifications, 
we accomplish by that certain procedure and in 

6 that certain novel product of which we shall now 
describe an exemplary embodiment.

This embodiment has to do with silicon steels, 
and it may be stated at the outset that it is ef­
fective to reduce the magnetostrictive character- 

10 istics of silicon steels of all analyses, including 
both alloys of which the principal ingredients are 
iron and silicon, and also alloys containing other 
materials, in addition to iron and silicon, such 
for example, as manganese or other alloying ele- 

15 ments. But the invention herein involved is not 
limited to alloys classifiable as silicon steels, and 
is applicable to the general range of magnetic 
alloys of all types and will produce in them sig­
nificant diminutions in magnetostriction. It 

2 0  will be understood that as the normal magneto­
strictive effects of alloys will vary with their for­
mulae, so also the procedure and treatment here­
in set forth will effect different diminutions in 
magnetostriction in different alloys, depending 

25 upon their formulae.
The basis of the invention here involved is the 

discovery of the peculiar action of sheets or 
laminae of magnetic alloys when their surfaces 
are abraded. Considering first transformer 

30  laminations in the form of elongated strips which 
are to be so located in a transformer coil that 
the lines of magnetic flux will pass through the 
laminae from one end to the other in a direc­
tion parallel to their longer or major axes, cer- 

83 tain effects can be produced. Others have ob­
served that if the surfaces of the laminae are 
slightly abraded in the direction of the major 
axis the magnetostrictive effect exhibited by the 
laminae will be substantially increased. We 

40 have found that if the abrading is done in a di­
rection substantially at an angle of 45° to the 
major axis of the strip, there will be little or no 
effect on its magnetostriction. We have made 
the important discovery, however, that if the 

45 abrading is done transversely to the major axis 
of the strip, i. e. across the strip and perpendicu­
larly to the direction of flow of the magnetic 
lines of force therein, a notable decrease in the 
magnetostrictive effect will be observed upon the 

50 test.
The particular reasons why this is so are not 

completely understood. I t is supposed that the 
magnetostrictive effect is one involving a surface 
condition so that if the surface is broken up in 

55 a direction transverse to the direction of primary 
distortion due to the magnetostrictive effect, the 
resultant distortion will be considerably dimin­
ished.

In the drawing we have shown diagrammatical- 
50 iy the action of abrading the surface of a lamina 

in a direction normal to a predetermined direc­
tion of flux flow therein as said lamina is to be 
used.

The abrasion may be carried on in a number 
55 0( different ways. It may be accomplished by 

hand by fastening a sheet of suitable abrading 
material such as emery cloth to a block of wood, 
positioning the laminae upon a table or other 
support and rubbing their major surfaces with 

70 the abrader block in a direction across the pro­
posed lines of magnetic force, and perpendicu­
lar to these proposed lines for the greatest effect,

. as has been set forth; or a  stone or other abra­
sive block may be employed. Likewise a grind- 

75 ing wheel may be set up so as to traverse the

work in the proper direction, the direction of 
the rotation of the grinding wheel also being 
such as to abrade the work in the proper direc­
tion.

Sand blasting likewise will serve and is in gen­
eral a relatively inexpensive and convenient way 
of carrying on the invention. In using the sand 
blast, having ascertained the direction in which 
the magnetic lines of force are to flow in the 
work under treatment, we direct the sand blast 1 
nozzle or nozzles onto the work at an angle (for 
example 30 to 45°) to the plane of its surface, 
the nozzle being directed across the work in a 
direction perpendicular to the proposed direc­
tion of the lines of force. To make this clearer, i 
if the work occupies a horizontal plane, the axis 
of the nozzle will lie in a vertical plane erected 
perpendicular to a line representing th e . pro­
posed direction of the lines of force in the work, 
and the nozzle will be directed toward the work s 
at an angle, for example of 30 to 45°. More than 
one nozzle may be employed simultaneously, of 
course; and it is possible to treat the whole sur­
face of a large sheet, or a large section of a strip 
of magnetic material at one time. 2

Transformer stampings are preferably made 
in such a way that the lines of magnetic force 
passing through them (when they are assem­
bled in the form of a core) will coincide with the 
direction in which the magnetic material has 3 
been rolled. This Is especially advantageous with 
some of the more modem magnetic materials 
which exhibit a much greater permeability in the 
direction of rolling than in other directions. It 
will be obvious that if the manner in which the 3 
transformer stampings are to be cut from sheets 
or strip is known, the sheets or strip can be giv­
en our treatment prior to the formation of the 
laminae or stampings. Thus if straight trans­
former legs are to be cut from sheet or strip, it 4 
will be usual to treat the sheet or strip after 
manufacture but before the formation of the 
stampings by abrading it in a direction perpen­
dicular to its major axis. But the laminations 
themselves may be treated after fabrication, and 4 
it will be clear that where L-shaped, C-shaped, 
or E-shaped transformer stampings are being 
made it will be within the scope of our inven­
tion to abrade the body portion of these shapes 
in one direction and the leg portion or portions 5 
in another direction or directions, depending 
upon the path of the magnetic lines of force 
passing through them after the assembly of the 
transformer. Thus the two legs of an L-.shaped 
lamination may be abraded in directions per- si 
pendlcular to the axes of these legs, although 
this involves abrading one leg in a direction at 
right angles to the treatment of the other leg.

Moreover, magnetic materials may be abraded 
at any stage in their manufacture which is not 5* 
followed by some other stage effective to destroy 
the abraded surface. For example, sheets or 
strips of magnetic materials may be given/the 
abrasion treatment by the steel manufacturer 
before the sheets or strips are sold to the trans- ® 
former manufacturer; and the transformer man­
ufacturer may then cut up the material as by 
slitting, shearing or stamping, and anneal and/or 
insulate the laminae so formed without destroy­
ing the effect of the abrasion, providing the sur- 7( 
faces of the laminae are not so corroded or ox­
idized dining annealing as to form a new and 
non-abraded surface. An amount of rolling or 
working treatment sufficient to produce a new 
surface on the material, will destroy the effect 71
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of previous abrasion, as will be readily under­
stood. Where it is necessary to follow such 
practices or their equivalent, it will become nec­
essary to re-abrade the pieces.

5 The abrasion need not remove any material 
quantity of the body metal. I t  seems unneces­
sary to point out that where we speak of abra­
sion we mean an abrasion of the surface of the 

: body metal. If the material is covered with a  
10 layer of scale or other substance it is not effec­

tive merely to abrade the surface of such layer. 
By way of illustration of the effect of the pro­
cedure herein outlined, we append a table show­
ing the result of abrasion in different directions 

15 of four straight grain strips of silicon steel fifty 
centimeters long and three centimeters wide. 
The silicon steel was a material containing ap­
proximately 4.7 per cent silicon and .010 per cent 
carbon, balance substantially all iron. The 

2 0  abrasion was accomplished by hand with a  coarse 
emery paper fastened to a wooden block. The 
strips were supported on a flat surface during 
abrasion and rubbed in the directions Indicated 
in the fable below.

2 5 ________________ .  ;_________

Sample
No.

Direction 
of abrasion 

relative 
to Bax

Weight of ma­
terial removed 
during abra­
sion-original 

weights about 
39  grams

Magnetostriction at 
B—15 kilogausses

Before
abrasion

After
abrasion

M—3—E_
M—3—C__
V—3—E __
V—3—C__

Normal—
...do____
Parallel... 

— do_____

Oramt
.44
• 3« 
.52 
.32

+72X10-*
+188X10-*
+48XKH

+182X10-*

-30X10-*
+36X10-*

+480X10-*
+534X10-*

In the course of our work we have ascertained 
that the effect upon magnetostriction of surface 
abrasion is dependent upon the relation between 

40 the direction of the abrasion and the direction 
of the magnetic flux. The effect is a t a mini­
mum when the abrasion direction is inclined at 
an angle of substantially 45° to the direction of 
the flux. A maximum increase in magnetostric- 

45  tion occurs when the direction of the abrasion 
coincides with the direction of the flux. A maxi­
mum decrease In magnetostriction occurs when 
the direction of the abrasion is directly across or 
a t 00° to the direction of the flux. We have ln- 

50 dicated that the amount of decrease will vary 
with the composition of the material. The maxi­
mum lowering of magnetostriction by abrasion 
which we have so far observed on any material 
is 220X10-® at an induction of 15 kUogausses. 

55 The average decrease is approximately half that 
value; but with most magnetic materials it will 
be clear that our treatment will bring the mag­
netostrictive effect to values such that the aver­
ages of lots will be not greater than 100X10-8  at 

50 15 kilogausses, which results in a material suit­
able for use in power transformers.

I t will be understood that we are not restricted 
to any particular method of abrading the sur­
faces of magnetic materials since any of the 

65 usual methods of abrasion appear to serve; and 
when we speak of the direction of abrasion we 
Intend to be understood as meaning the forma­
tion of abrasion scratches in the direction indi­
cated irrespective of the particular manner in 

70 which the operation is carried on. The effect of 
the process appears'to be dependent upon the 
formation of a considerable number of scratches 
or ridges and depressions in the surface of the 
metal which are longer than they are wide and 

75 which preponderantly lie in a  direction trans­

verse to the proposed direction of the lines of 
magnetic force in the material.

Modifications may therefore be made in our 
invention without departing from the spirit of it. ,

Having thus described our invention, what we s 
claim as new and desire to secure by Letters 
Patent, is:

1. A process of treating magnetic sheet-like 
materials for inductive uses which comprises , 
ascertaining the direction of flow of magnetic io 
lines of- force therein in the use indicated and 
abrading at least one majdr surface of such ma­
terials in a direction substantially normal to the * 
said direction of flow of magnetic lines of force . 
in said materials. 15

2. A process of treating magnetic sheet-like 
materials for inductive uses which comprises 
ascertaining the direction in which magnetic 
lines of force will flow in such materials in the . 
use indicated, and forming in a t least one major 2q 
surface of such materials a  plurality of indenta­
tions of greater length than .width, the prepon­
derant direction of the length of such indenta­
tions being substantially normal to the said di­
rection of flow of said magnetic lines of force. 2S

3. A process of treating magnetic sheet-like 
materials for Inductive uses which comprises 
ascertaining the direction of flow of lines of 
magnetic force in said materials in said use and 
then breaking up at least one major surface of «« 
the said materials by scratching said surface in a 
direction substantially normal to said direction
of flow.

4. A process of treating magnetic sheet-like 
materials for inductive uses which comprises __ 
ascertaining the direction of flow of lines of 
magnetic force in  said materials in such use 
and scratching a major surface of said materials
in a direction substantially normal to said direc­
tion of flow. 40

5. Magnetic sheet-like material for inductive 
uses comprising a  body of magnetic material 
adapted to be located in inductive apparatus so 
that the lines of magnetic force will flow therein 
in a certain direction, a major surface of said 
material being scratched in a direction substan­
tially normal to said first mentioned direction.

6 . Magnetic sheet-like material for Inductive 
uses comprising a body of magnetic alloy having
a major surface broken up by relative depres- go 
slons and protuberances of greater length than 
width and preponderantly tending in the direc­
tion of their length normal to an ascertained 
primary direction of flow of magnetic lines of 
force therein. 55

7. A lamination for a  transformer consisting 
of a body of magnetic material having a major 
surface abraded In a direction transverse to the 
direction of flow of lines of magnetic force 
through said body. 80

8 . A transformer lamination consisting of a 
body of magnetic alloy having a major surface 
broken up into relative ridges and depressions 
extending in a direction substantially normal to 
the direction of flow of magnetic lines of force 65 
through said body.

9. A transformer lamination consisting of a 
body of magnetic material having a major suds 
coinciding with the rolling direction of said ma­
terial and the direction of its greatest perinea- 70 
billty, said material having a  major surface 
characterized by abrasion lines substantially 
normal to the direction of rolling.

10. A transformer lamination consisting of an 
elongated body of silicon steel having major 75
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surfaces abraded in a  direction substantially 
normal to the longitudinal axis of said body, the 
direction of rolling of said lamination and its 
direction of major magnetic permeability sub- 

0 stantially coinciding with said longitudinal axis.
11. A transformer having a coil comprising a 

plurality of laminae assembled together, said 
laminae being bodies of magnetic material hav­
ing major surfaces characterized by abrasion

10 scratches extending in a  direction substantially 
normal to the direction of flow of magnetic lines 
of force in said laminae.

12. A process for diminishing the magneto­
strictive effect of magnetic substances which in-

18 eludes the steps of forming strip or sheet mag­
netic stock having a  direction of primary mag­
netic permeability coinciding with the direction 
of rolling thereof, and abrading the major sur­
faces of said stock in a  direction substantially 

20 normal to the direction of rolling thereof.
13. A process of producing transformer lami­

nations which comprises forming and finishing a 
magnetic alloy in sheet like form, abrading a 
major surface of said magnetic alloy in a  direc­
tion perpendicular to the direction of rolling 
thereof and cutting said alloy apart into trans- 5 
former laminations in such a  way as to cause 
the direction of abrasion to lie substantially nor­
mal to the path of magnetic lines of force in 
said laminations, without destroying the abraded 
character of said surface. 10

14. A transformer lamination consisting of a 
body of magnetic material having portions lying 
in different directions, which portions will be 
traversed by magnetic lines of force in directions 
coinciding with their longitudinal axes, each of 15 
said portions having a major surface character­
ized by abrasion scratches lying in a direction 
substantially normal to its major axis.

DAN M. HAYES. 20
DON S. WOLFORD.
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