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ABSTRACT zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Magnet ic   mater ia ls   fo r   use   in  s ta t i c  inver ters   and  conver ters  

were tested under   dc  exc i ta t ion  and  under  400 t o  3200 Hz square- 
wave vo l tage  exc i ta t ion .   Mater ia ls   eva lua ted   inc luded:  4%Mo-79%Ni- 
17%Fe, 50%Ni-50%Fe,  magnetically  annealed 49%Co-2%V-49%Fe, s i n g l y  
and  doubly   gra in-or iented  s i l icon steel, t h e   l a t t e r   b o t h  stress- 
rel ief   annealed  and  magnet ic  f ie ld  annealed.  Magnet izat ion  curves, 
hys teres is   loops ,   core  loss and  apparent power were determined  for  
temperatures  from -55O t o  +250° C; cons tan t   cu r ren t   f l ux  reset 
d a t a  were obta ined a t  room ambient.  The e f fec ts   o f   bo th  vacuum 
exposure a t  250° C and  severa l   convent ional   process ing  s teps  on 
magnet ic   proper t ies w e r e  evaluated.  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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PREFACE 

The  work  described  herein  was  done at the  Aerospace  Electrical  Division,  Westing- 
house  Electric  Corporation,  under NASA Contract NAS3-2792. Mr. Francis Gourash, 

Space  Power  Systems  Division, NASA-Lewis Research  Center, was the  Project  Manager 
for NASA. The  entire  program, "Parallel Operation of Static  Inverters  and  Converters 
and  Evaluation of Magnetic  Materials, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA*' is described in five  reports: 

l'Inverter-Converter Parallel Operation"  defines  and  experimentally  verifies  the 
circuit  conditions  that  must exist for  operating  static  inverters  and  static  converters in 

parallel (NASA CR-1224). 
"Inverter-Converter  Automatic  Paralleling  and  Protection"  defines  and  experimen- 

tally  verifies  the  electrical  control  and  protection  circuits  necessary  for  isolating  faulted 
inverters  and  converters  from a parallel  system while maintaining  continuity of high- 
quality  electric  power  to  load  equipment (NASA CR-1225). 

magnetic  characteristics of improved  materials  for  magnetic  components as applied  in 
advanced  static  inverters  or  static  converters (NASA CR-1226). 

"Evaluation of Magnetic  Materials  for  Static  Inverters  and  Converters"  defines  the 

"Load Programmers?  Static  Switches,  and  Annunciator  for  Inverters  and  Converters" 
assesses the  characteristics of static  electrical  switches  for  both  ac  and  dc  systems, 
defines  the  characteristics of a load  programmer  for  maintaining  power  to  the  critical 

system  loads,  and  provides  an  annunciator  function  for  displaying  inverter  and/or con- 
verter  operating  conditions (NASA CR-72454). 

"Parallel Operation of Static  Inverters and Converters  and  Evaluation of Magnetic 

Materials" is the  summary  report (NASA CR-72455). 
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E V A L U A T I O N  OF M A G N E T I C   M A T E R I A L S   F O R  
S T A T I C   I N V E R T E R S   A N D   C O N V E R T E R S  

by zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAR.M. F r o s t ,  R.  E .  M c V a y ,   D . M .   P a v l o v i c  

SUMMARY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAprogram w a s  conducted t o  study materials f o r   u s e   i n  stat ic  

inver ters   and  conver ters .   Th is   program  inc luded a l i t e r a t u r e  
survey  of  conductor materials, a series of tests on  magnetic 
a l loys   and  the   eva lua t ion   o f  one transformer  design. 

The ma te r ia l s   eva lua ted  w e r e  square   hys teres is   loop  4%Mo- 
79%Ni- l7%Fe;  grain  or iented  50%Ni-50%Fe;  magnet ic  f ie ld  annealed 
49%Co-Z%V-49%Fe; doub ly   g ra in   o r ien ted   s i l i con  steel; and  s ing ly  
g r a i n   o r i e n t e d   s i l i c o n  steel. 

Tests w e r e  conducted a t  - 5 5 O  t o  250° C t o  determine  dc mag- 
n e t i c   p r o p e r t i e s ;  ac magnet ic   proper t ies a t  400 t o  3200  Hz using 
square wave e x c i t a t i o n ;   a n d ,   a t  room ambient   on ly ,   constant   current  
f l u x  reset p r o p e r t i e s  a t  400 t o  3200  Hz using  square wave exc i ta -  
t ion.   Degradat ion of magnet ic  propert ies  resul t ing  f rom  normal 
fac to ry   p rocess ing  and e f f e c t s   o f  vacuum a t  250° C were evaluated. 
The data  obta ined  f rom  these tests are descr ibed  and  potent ia l   uses 
f o r   t h e  materials are discussed. 

Transformers  for  an i n v e r t e r  were b u i l t  f rom  s ing ly   gra in  
o r i en ted  and  doub ly   g ra in   o r ien ted   s i l i con  steel and tested. 
These tests show t h a t   i n v e r t e r   e f f i c i e n c y  was improved  by  use 
of the   doub ly   g ra in   o r ien ted   mater ia l .  

I N T R O D U C T I O N  

The design of l i g h t w e i g h t ,   h i g h l y   e f f i c i e n t   s t a t i c   i n v e r t e r s  
and  converters  has  been  seriously  hampered by the   l ack  of s u i t a b l e  
d a t a  on the  behavior  of  commonly used  mater ia ls  when exc i ted   w i th  
square wave power. 

The o b j e c t i v e   o f   t h i s  program was t o   o b t a i n   s u i t a b l e   i n f o r -  
mation  and test  d a t a   t o  improve  the  performance  of s ta t i c  in-  
v e r t e r s  and  converters.  

Tests were conducted  with  square wave e x c i t a t i o n   t o   e v a l u a t e  
two th icknesses of ava i l ab le   t ypes   o f   co re   ma te r ia l s ,   t o   de te rm ine :  
t h e  CCFR (Constant  Current  Flux R e s e t )  p r o p e r t i e s  a t  room tempera- 
t u r e  a t  400 t o  3200  Hz; ac ( 4 0 0  t o  3200  Hz), and  dc  magnetic 



p r o p e r t i e s  a t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA-55O C, room temperature  and 250° C; degradat ion 
of magnet ic  propert ies  resul t ing  f rom  normal  factory  processing; 
and e f fec ts   o f   h igh  vacuum a t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 5 0 °  C. 

The mate r ia l s   eva lua ted  were 49%Co-2%V-49%Fe al loy,   magnet ic  
f i e ld   annea led ;   doub ly   g ra in   o r i en ted   s i l i con  steel ,  both  wi th 
and  w i thout   magnet ic   f ie ld   annea l ;   s ing ly   g ra in   o r ien ted   s i l i con  
steel from two vendors;   square  hysteres is   loop 4%Mo-79%Ni-l7%Fe 
a l l oy ,  from t w o  vendors;  and  grain  oriented  50%Ni-50%Fe  al loy 
from two vendors. 

The test  r e s u l t s  and  data  should  enable a des igner   us ing 
square wave e x c i t a t i o n  t o  select su i tab le   ma te r ia l s   t o   m in im ize  
l o s s e s  when o p e r a t i n g   a t   v a r i o u s   i n d u c t i o n   l e v e l s  and f requencies.  

The tests made i n   t h i s  program  with  square wave e x c i t a t i o n  
are   un ique  in   tha t   they   represent   the   f i r s t   comprehens ive  com- 
p i l a t i o n  of   data  us ing a square wave form  of   vo l tage  instead of 
a s inuso ida l  wave form  of  voltage. The formation  of a square 
wave requ i res   the   use   o f  t h e  odd  harmonic  powers 1, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 ,  5, 7,  9 ,  
11, etc. The test  equipment  used i n   t h i s  program  was  designed 
t o  measure  through  the  15th  harmonic  to  provide  the  utmost  in 
accuracy. 

The square wave tests rep resen ted   t he   ac tua l   ope ra t i ng  
conditions  of  aerospace  equipment  where  dc  power must  be  inver ted 
t o   a c  power  and square wave vo l tages   a re   genera ted .  

Conductors  and  conductor  systems  sui table  for   use i n  s ta t i c  
inver ters   and  conver ters  are descr ibed  in  Appendix A. 

Test t r ans fo rmers   f o r   i nve r te r  app l i ca t i on   us ing   s ing l y  and 
doub ly   g ra in   o r i en ted   s i l i con  steel  a r e   d e s c r i b e d   i n  Appendix B. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

NOMENCLATURE 

S y m b o l s  Used i n   M a g n e t i c   T e s t i n g  

B Normal induct ion,   magnet ic   induct ion,   or   magnet ic   f lux  
dens i t y  

Bm Maximum i n d u c t i o n   i n  a h y s t e r e s i s  loop 

Br Residual   induct ion 

Satura t ion   induc t ion  

H Magnet iz ing   fo rce ,   magnet ic   f ie ld   s t rength  

2 



Hm 

HC 

HCS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
AL/L 

'a 

'a (B; f )  

P 
a,  sq 

'c (B;  f )  

P 
Cf  sq 

'h 

'e 

SCM zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
lJ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
WA 

PO 

Magnetizing force, maximum 

Coerc ive  force 

Coerc iv i ty  

Magnetost r ic t ion 

Apparent  power 

Apparent  power,  specif ic 

Apparent  power,  specif ic,  square wave 

T o t a l   c o r e   l o s s  

Core loss, s p e c i f i c  

C o r e  loss, spec i f i c ,   square  wave 

Normal hys te res i s   co re  loss 

Normal  eddy cu r ren t   co re  loss 

Symmetrical ly  Cycl ical ly  Magnetized 

Normal permeab i l i t y  

Incrementa l   permeabi l i ty  

Maximum permeab i l i t y  

I n i t i a l  permeab i l i t y  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
D e f i n i t i o n s   o f   T e r m s   U s e d   i n   M a g n e t i c   T e s t i n g  

Apparent  Power, Pa. - The product  (vol t -amperes)  of   the rms 

e x c i t h g   c u r r e n t  and the   app l i ed  rms te rmina l   vo l tage  in   an  elec- 
tr ic c i rcu i t   con ta in ing   induc t ive   impedance.  The components  of 
t h i s  impedance  due t o   t h e   w i n d i n g   a r e   l i n e a r ,   w h i l e   t h e  com- 
ponents  due  to  the  magnet ic  core  are  nonl inear.  

Apparent Power , S p e c i f i c  , Pa (B : ). - The value  of  the  appar- 
" 

ent   power-d iv ided by t h e   a c t i v e  mass  of  the  specimen  (volt-amperes 
. . .  

3 



p e r   u n i t  mass) taken a t  a s p e c i f i e d  maximum value of c y c l i c a l l y  
vary ing  induct ion,  B, and a t  a spec i f ied   f requency ,   f .  

Apparent  Power,  Specif ic,  Square Wave, - The s p e c i f i c  

apparent power obta ined when t h e   c y c l i c a l l y   i n d u c t i o n  i s  
nonsinusoidal   wi th t i m e ,  but   fo l lows a square wave form. 

Coercive  Force, H,. - The dc  magnet iz ing  force  a t   which the 

magnet ic  induct ion i s  ze ro  when t h e  material i s  i n  a symmetrical ly 
cyc l ica l ly   magnet ized  condi t ion.  

Coerc iv i ty ,  H , ~ .  - The maximum value  o f   coerc ive  force.  

Core Loss (To ta l )  , zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAP,. - The a c t i v e  power (watts)   expended  in 

a magnet ic   c i rcu i t   in   wh ich   there  i s  a c y c l i c a l l y   a l t e r n a t i n g  
induct ion,   normal ly   s inusoida l .  

Core Loss, S p e c i f i c ,  - The a c t i v e  power (wat ts )  

expended  per  unit  mass of   magnet ic   mater ia l   in   which  there i s  a 
cyc l i ca l l y   vary ing   induc t ion   o f  a s p e c i f i e d  maximum value,  B,  
a t  a spec i f ied   f requency ,   f .  

Core Loss, Speci f ic ,   Square Wave, P . - The s p e c i f i c  
c,sg 

core j a r y c y c l i c a r l y g  induc t ion  i s  non- 
s inuso ida l   w i th  t i m e ,  but   fo l lows a square wave form. 

Eddy Current  Loss, Normal, . - That   por t ion  o f   the core 'e 
loss which i s  due t o   i n d u c e d   c u r r e n t s   c i r c u l a t i n g   i n   t h e  mag- 
net ic  m a t e r i a l   s u b j e c t   t o  a symmetr ica l ly   cyc l ica l ly   magnet ized 
e x c i t a t i o n .  

Hys teres is  Loss, Normal, Ph. - The power  expended i n  a 

ferromagnet ic material, a s  a r e s u l t  of h y s t e r e s i s ,  when t h e  
m a t e r i a l  i s  s u b j e c t e d   t o  a symmetr ical ly  cycl ical ly  magnet ized 
e x c i t a t i o n .  

Induct ion,  Maximum, Bmo - The maximum value  of  B i n  a dc 

hys teres is   loop .  The t i p   o f   t h i s   l o o p   h a s   t h e   m a g n e t o s t a t i c  
coord inates Hm, Bm which ex is t   s imu l taneous ly .  

Induction,  Normal, B. - The maximum i n d u c t i o n   i n  a magnetic 
m a t e r i a l   t h a t  i s  i n  a symmetr ica l ly   cyc l ica l ly   magnet ized con- 
d i t i o n .  

Induct ion,   Residual ,  Br. - The magnet ic  induct ion  corres- 

ponding to   zero   magnet iz ing   fo rce   in  a magnet ic   mater ia l   tha t  i s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
4 



i n  a symmetr ica l ly   cyc l ica l ly   magnet ized  condi t ion.  

I nduc t i on ,   Sa tu ra t i on ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBABso zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- The maximum i n t r i n s i c   i n d u c t i o n  

poss ib le  i n  a material. 

Magnetizing  Force  (Magnetic  Field  Str.ength), H. - That mag- 
ne t i c   . - vec to r   quan t i t y  a t  a p o i n t   i n .  a magnet ic  f ie ld  which meas- 
u r e s   t h e   a b i l i t y  of electr ic c u r r e n t s  or magnet ized  bodies  to  
produce a magnet ic   induc t ion   a t   the   g iven   po in t .  

~- .. "" ". ~ 
. . . ~ 

Magnetizing  Force, Maximum, Hmo - The maximum value  of H i n  

a hys teres is   loop .  

Magnetost r ic t ion,  AL/L. - The change i n   l e n g t h   p e r   u n i t  
length  of  a body  which r e s u l t s  from  magnetization. 

Permeabi l i ty ,   Incrementa l ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAP A .  - The r a t i o   o f  a c y c l i c  change 
i n  magnet ic  induct ion  to  the  corresponding  cycl ic  change i n  mag- 
n e t i z i n g   f o r c e  when t h e  mean induct ion  d i f fers   f rom  zero.  

P e r m e a b i l i t y ,   I n i t i a l ,  p0. - The l imi t ing  va lue  approached by 

t h e  normal  permeabi l i ty   as  the  appl ied  magnet iz ing  force,  H ,  is  
reduced to   ze ro .  

Permeabi l i ty ,  Maximum, pm. - The maximum value  of  normal 

pe rmeab i l i t y   f o r  a g iven  mater ia l .  

Permeabil ity,  Normal, p. - The r a t i o  of t h e  normal  induction 
t o  t h e  corresponding  magnet iz ing  force.  

Symmetrical ly  Cycl ical ly  Magnetized, SCM. - A magnetic 
m a t e r i a l  is  i n  a SCM condi t ion when, under t h e  i n f luence  o f  a 
magnet iz ing   fo rce   tha t   var ies   cyc l i ca l l y   be tween two equal   posi-  
t i v e  and negat ive  l i m i t s ,  i ts  success ive   hys teres is   loops  o r  
f l ux -cu r ren t   l oops   a re   bo th   i den t i ca l  and symmetrical with 
respec t   t o   t he   o r i g in   o f   t he   axes .  

NOTE: Def in i t i ons   o f   add i t i ona l  terms may be  found i n  ASTM 
Designation A340-65 or l a t e r   r e v i s i o n s .  

S y m b o l s   U s e d  i n  C C F R  T e s t i n g  o f  T o r o i d a l  
M a g n e t i c  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA m p 1  i f i e r   C o r e s  

AT 

Bm 

Same a s  H1 

Peak  induct ion  or   peak  f lux   densi ty  
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2Bm 

Br 

Bm-Br 

Br 

Bm 

AB zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- 

ABO 

AB1 

AB2 

CCFR 

DAT 

G 

Hm zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
HO 

H1 

H2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
AH 

SAT zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
T 

Maximum  flux  density  swing 

Residual  induction or residual  flux  density 

Squareness 

Squareness  ratio 

Delta  induction  or  delta  flux  density 

Delta  induction,  fixed 

Delta  induction,  fixed 

Delta  induction,  fixed 

Constant  current  flux  reset 

Same as AH 

Gain 

Peak  magnetizing  force 

Magnetizing 

Magnetizing 

Magnetizing 

Incremental 

Same as  Bm 

Br Same as - 
Bm 

force,  dependent 

force,  dependent 

force,  dependent 

magnetizing  force zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Def in i t ions  Used in  C C F R  Test ing of 
Toroidal  Magnetic  Amplifier  Cores 

Constant  Current  Flux  Reset,  CCFR. - This  test  employs  an 
excitation  current  consisting of half-wave  sine  current  pulses 
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of s u f f i c i e n t  and  cons tan t   magn i tude  to   d r ive   the   core   f lux   in to  
p o s i t i v e  saturation.' A direct-current  magnet iz ing  force  of   ad- 
justable  magnitude i s  app l ied  t o  t he   co re  so a s  to  reset t h e  mag- 
n e t i c   f l u x  away from pos i t i ve   sa tu ra t i on   du r ing   t he   i n te rva l s  
betwee.n pu lses   o f   exc i ta t i on   cu r ren t .  The r e s u l t a n t   c y c l i c   f l u x  
change zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAis measured by  means of  a s e n s i t i v e   f l u x , v o l t m e t e r  con- 
n e c t e d   t o  a separate  p ickup  winding on t h e  core. 

The test provides a means fo r  measurement  of core magnetic 
propert ies  under  condi t ions  which  approximate  the  operat ing 
cond i t ions   in   severa l   t ypes   o f   se l f -sa tura t ing   magnet ic   ampl i f ie r  
c i r c u i t s .  An understanding  of   the  symbols  and  def in i t ions i s  
mate r ia l l y   a ided  by re fe rence   t o   t he   ske tch  below. It shows t h e  
t r a n s f e r   c u r v e   f o r  a magnetic core o p e r a t i n g   i n  a s e l f - s a t u r a t i n g  
magnet ic   ampl i f ier  c i r cu i t  and  severa l   o f   the   assoc ia ted   per t in -  
ent   parameters.  The ind iv idua l   va lues   o f  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAB f o r  a -given ma- 
ter ia l ,  and  the  corresponding  dependent  values  of H ,  are d i f -  
. f e ren t   f o r   each   ma te r ia l ,   bu t  are s p e c i f i e d   f o r  it i n  terms of 
i ts  natura l   magnet ic   l imi t ing  va lues.  

FAH zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA7 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBARESET MAGNETIZING FORCE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
( O E R S T E D S )  

Test points for the  constant-current flux zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. 
reset core test method. 
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Flux  Density  Swing, Maximum; 2Bm. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- The maximum f l u x   d e n s i t y  

swing  equ'al t o  t he   abso lu te  t o ta l  value of posi t ive.   and  negat ive 
peak  induct ion o r  2Bm. (2Bm = 2 SAT) 

AB2 - AB1 
Gain, G. - G = AH , a measure of l oop   s teepness   i n  

terms  of  incremental  permeabil i ty. 

Induct ion,  D e l t a  (Delta Flux  Densi ty) ;  AB. - Delta i nduc t ion  
is  t he   change   i n   i nduc t i on   ( f l ux   dens i t y )  when a core i s  i n  a 
SCM condi t ion.  

f l u x  

f l u x  

Induct ion,   Fixed Delta; AB1, ABo,  AB2. - 

(1) AB1 - de l ta   induc t ion   equa l  t o  one  th i rd   o f  2B maximum 

density  swing. 

( 2 )  ABo - de l ta   i nduc t i on   equa l  t o  one  ha l f   o f  2B,, maximum 

densi ty  swing. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
( 3 )  AB2 - de l ta   i nduc t i on   equa l   t o  t w o  t h i r d s   o f  2Bm, 

m' 

maximum f lux  densi ty   swing.  

Induct ion,   Residual   (Residual   Flux  Densi ty) ,  Br. - Residual 

induct ion as measured i n   t h i s  test is  the  magnet ic   induct ion a t  
which the  magnet iz ing  force is  zero   wh i le   the  material i s  cyc l i -  
cal ly  magnet ized  wi th a half -wave  s inusoidal   magnet iz ing  force 
of a spec i f ied   peak   magn j tude.   (Th is   de f in i t ion   d i f fe rs   f rom 
the  s tandard  def in i t ion  which  requi res SCM condi t ions. )  

Induction,  Peak  (Peak  Flux  Density), Bm. - Peak  induct ion is  

the  magnetic  induction  corresponding t o  the  peak  appl ied  magnet iz-  
ing   fo rce .  The peak  induction w i l l  u s u a l l y   b e   s l i g h t l y  less than 
t h e   t r u e   s a t u r a t i o n .  (Bm = SAT) 

Magnetizing  Force,  Dependent; H1, H o ,  H2.  - 

(1) H1 - The dc reset magnet iz ing  force  requi red to  produce 

a cycl ic  change  of   induct ion AB1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(H1 = A T ) .  

( 2 )  Ho - The dc reset magnet iz ing  force  required  to  produce 

a cycl ic  change  of   induct ion ABo (Ho  = AT + 1 / 2  DAT).  

( 3 )  H2 - The dc reset magnetizing force requ i red  t o  produce 

a cycl ic  change  of   induct ion AB2 (H2  = AT + DAT).  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
8 



Magnetizing  Force,  Increinenta'l; zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAH. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- The incremental  change 
in   magne t i z ing   f o rce   equa l   t o  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAH2 . (AH = DAT) - H1 

Magnetizing  Force, Peak;  Hm. - Peak magnet iz ing  force i s  the 

maximum value  of   appl ied  magnetomot ive  force  per mean length  of 
path  of the   core .  

Squareness; Bm - Br. - The d e l t a  B induction  change  between 

t h e  peak  induction, Bm, and the res idua l   i nduc t i on ,  Br. 

Squareness  Ratio; - Br . - The r a t i o  of res idua l   i nduc t i on ,  Br, 
B- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

111 

over  peak  induct ion,  Bm 

D e f i n i t i o n s  o f  Genera l   Magnet ic  Terms  

Anisotropy. - A characteristic of a material i n  which  several  
p r o p e r t i e s   o r  any proper ty  shows a v a r i a t i o n  w i t h  d i f f e r e n t  direc- 
t i o n s   i n s i d e  the material. 

Anisotropy  (Magnetic). - A material having  d i f ferent   magnet ic  
p r o p e r t i e s   i n   d i f f e r e n t   d i r e c t i o n s   w i t h i n  it has magnetic  aniso- 
tropy. The magnetic  energy of a c r y s t a l  depends  on the d i r e c t i o n  
of spontaneous  magnetization  and is  a minimum along the "easy 
d i rec t ion . "  The types  o f   an isot ropy  usual ly   cons idered are mag- 
netocrystal l ine,  magnetostr ict ive,  shape,  and  thermomagnetic. 

Atomic  Ordering. - A process  which  transforms the c r y s t a l  
s t r u c t u r e  of a sol id   so lu t ion  f rom  one of random d i s t r i b u t i o n  of 
the atoms  o f   d i f fe ren t   e lements   to   ava i lab le  la t t ice sites t o  one 
o f   regu la r   repet i t i ve   pa t te rn   occupat ion   o f  the available la t t ice 
sites by t h e  atoms of the d i f f e r e n t   e l e m e n t s   i n  the so l i d   so lu -  
t i on .  

Base Line  Property.  - Those i n i t i a l   m a g n e t i c ,   p h y s i c a l   o r  
mechanical   propert ies that  are normal ly  present a t  room tempera- 
t u r e ,  i .e., sa tu ra t i on   i nduc t i on ,  thermal expans ion ,   tens i le  
s t reng th  . 

Crit ical Temperature. - The temperature a t  which a change i n  
c rys ta l   s t ruc tu re ,   phase   o r   phys i ca l   p roper t i es   occu rs   under  con- 
s tan t   p ressu re   cond i t i ons .  

Curie  Temperature. - The temperature  above which a ferromag- 
n e t i c  material l oses  i ts  spontaneous  magnetism. 
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Disordered  Structure.  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- The c r y s t a l   s t r u c t u r e   o f  a s o l i d  
s o l u t i o n   i n  which t h e  atoms of di f ferent   e lements  are  randomly 
d i s t r i b u t e d   w i t h   r e s p e c t   t o   t h e   a v a i l a b l e   l a t t i c e  sites. 

Domain, Ferromagnetic. - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA small reg ion ,   i n   f e r romagne t i c  
materials, where the  atomic  magnet ic moments are a l l  a l igned 
pa ra l l e l   t o   one   ano the r .  The m a t e r i a l   w i t h i n   t h e  domain i s  mag- 
n e t i z e d   t o   i n t r i n s i c   s a t u r a t i o n .  

Domain Wall  (Bloch  Wall) . - The boundary  between  adjacent 
domains  of d i f fe ren t   maqnet iza t ion   vec tors   in   wh ich  the e l e c t r o n  .- 
spins  o f   ad jacent   a toms  in  the w a l l  are s l i g h t l y  changed i n  
d i r e c t i o n  so as t o   e f f e c t ,  across a l a r g e  number of  atoms,  the 
complete  change in  magnetization  vectors  between  adjacent  domains. 
The Bloch w a l l  width is determined by the ind iv idual   fer romagnet ic  
material and is a discrete width. The energy of t he   wa l l  is  var- 
iable  depending upon the angle  between  adjacent  domains  and  the 
c rys ta l lograph ic   p lane  o f   the  w a l l .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Doubly gra in   Or ien ted   S i l i con  Steel. - See l a t e r   d e f i n i t i o n  
and  descr ipt ion  under  Or iented  Si l icon-Iron. 

Field.  - A reg ion  in   space  where there is  a tendency  for  
anythmg  which  can  interact   wi th the p a r t i c u l a r   t y p e   o f  f ie ld  
t o   exper ience  a force. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 

Field, Magnetic. - A reg ion   i n   space  where anything  having 
a magnetic moment exper iences a f o rce   t end ing   t o   a l i gn  i t s  mag- 
n e t i c  moment in   the   d i ‘ rec t ion   o f  the maximum f ie ld  grad ien t .  A 
magnetic material exper iences a magnet iz ing  force  tending  to   in-  
crease the number or   s ize  o f   magnet ic   domains  a l igned w i t h  t h e  
d i rec t ion   o f   the   magnet ic   f ie ld .   Ins ide  the material the summa- 
t i o n  of these i nd i v idua l   i nc reases   rep resen ts   t he   t o ta l   change   i n  
magnet ic   induct ion  or   magnet ic   f lux   densi ty .  

I so t rop i c .  - Having t h e  same p r o p e r t i e s   i n   a l l   d i r e c t i o n s .  

Magnetic Field Annealing (MFA). - The thermal  t reatment of a 
masnetic material i n   s u c h  a way  and w i t h  such a temperature cycle 
t ha t ,   du r ing  t h e  cooling  proce^ss, when the tempera t i re  is below 
the  Cur ie  temperature  of  the material, a magnet ic   f ie ld  is  present .  
This treatment  does  not  change t h e  g r a i n   s t r u c t u r e   b u t   d o e s   a l i g n  
the  magnet ic  domains  in a d i r e c t i o n   p a r a l l e l   t o  the f ie ld.  

Ordering  Temperature. - The temperature a t  which’atomic 
order ing  occurs.  

Ordered  Structure.  - The crystal s t r u c t u r e  of a so l i d   so lu -  
t i o n   i n  which the  atoms of di f ferent   e lements  occupy the ava i l -  
able la t t ice sites i n  a regu la r   repe t i t i ve   (o rde red )   pa t te rn  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( a  
super lat t ice imposed  on the normal  solute la t t ice) .  
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Or iented  S i l icon- I ron.  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- Ordinary  i ron or  steel c o n s i s t s  of 

assemblage of t i n y   g r a i n s  (crystals) w i t h  i r regu la r   boundar ie  
b u t  wi th  a regu la r   body -cen te red -c rys ta l   s t ruc tu re  w i t h  or ien ta-  
t i o n  which i s  cons tan t   w i th in  a g r a i n ,   b u t  which v a r i e s   i n  a 
random fash ion  from g ra in   t o   g ra in .   Gra in   o r i en ted   s i l i con - i ron  
cons is t s  of gra ins  hav ing the same basic  body-centered  cubic 
s t r u c t u r e ,   b u t  as a r e s u l t  of previous  cold work  and subsequent 
rec rys ta l l i za t i on   du r ing   annea l i ng ,  the growth of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAthe gra ins  has 
been  induced t o  produce a s t r u c t u r e  which is  ve ry   nea r l y   a l i ke  
from g r a i n   t o   g r a i n .  A p r i n c i p a l   c r y s t a l l o g r a p h i c   d i r e c t i o n  of 
the body centered cube is l i n e d  up wi th  the d i r e c t i o n  of cold 
r o l l i n g  of t he   i r on .  This type zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof steel usual ly   conta ins  about  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3 t o  3-1/4% s i l i con ,   s ince   t h i s   compos i t i on  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAseems t o   g i v e   t h e  
best response   i n   t he   rec rys ta l l i za t i on   p rocess .   S ing l y   g ra in  
or iented  and  doubly  grain  or iented  mater ia l   have  been  produced 
wi th  as little as 0.5% s i l i c o n  and as high as 6.5% s i l i c o n .  

" 

The sketch  below shows the p r i n c i p a l   c r y s t a l l o g r a p h i c   d i r e c -  
t ions of the  s i l icon- i ron  cube  and their corresponding  magneti- 
zat ion  curves. The [ O O l ]  d i rec t ion   cor responds  to  any  edge of 
t h e  cube. The [Oll] d i rec t ion   cor responds  to  the diagonal  of a 1 

face of the cube  and +e [111] d i rec t i on   co r responds   t o  the i 
diagonal   through the center   o f  t h e  body  and  through  opposite zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

MAGNETIZING FORCE, OERSTEDS 

Magnet ic  Propert ies of 3 . 8 %  Si-Fe Sing le   C rys ta l s  
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" . . zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
corners  of t h e  cube. The corresponding  magnet izat ion  curves  indi-  
cate t h e  [ O O l l  or  cube  edge, CE, d i r e c t i o n  i s  t he  easiest d i rec-  
t i o n  of magnetization. The [ O l l ]  d i r e c t i o n  is  intermediate  and 
the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA[111] d i r e c t i o n  is  t h e  most d i f f i c u l t .  From the sketch it i s  
clear that  an  advantage  would r e s u l t  i f  the  cube  edge  direct ion 
could be l i n e d  up i n   t h e   d i r e c t i o n   i n  which  magnetic  f lux i s  t o  
p a s s   i n  any  piece  of   apparatus.  

Below are sketches  showing  the  re lat ionship  between  the 
s i l i con - i ron  cube and i t s  c rys ta l l og raph ic   d i rec t i ons  and  planes 
w i th   respec t  to  the   p lane  and  ro l l ing   d i rec t ion   o f   the  steel sheet. 

The sketch below  shows t h e  ( 1 0 0 )  p l a n e   i n   t h e   p l a n e  of the 
sheet and cube edges, CE, l i n e d  up both p a r a l l e l  and t ransve rse  
t o   t h e   d i r e c t i o n  of r o l l i n g ,  This is known as "cube t ex tu re "  
material, sometimes  spoken of as "doubly   gra in   or iented"   or  DGO. 
The o n l y   o t h e r   p r i n c i p a l   d i r e c t i o n   i n  the plane  of  the shee t  is  
the [Oll] d i r e c t i o n  or  face diagonal ,  FD, which  occurs a t  45' 
t o   e i t h e r   o f  the cube edge, CE, d i r e c t i o n s .  

Relation of the Iron Cube to the  Plane  and Rolling 
Direction of the  Steel  Sheet i n  Cube Texture Orientation 

The fol lowing sketch shows t h e  cubic c r y s t a l   w i t h  the (110 )  
p l a n e   i n   t h e   p l a n e  of the sheet  and the cube edge or  [OOl ]  d i rec-  
t i o n   p a r a l l e l   t o  the r o l l i n g   d i r e c t i o n .   T r a n s v e r s e   t o  the r o l l i n g  
d i r e c t i o n  is  the face   d iagona l ,  FD, [ O l l ]  which is  the second 
most d i f f i c u l t   d i r e c t i o n  of magnetization  and a t  an  angle  of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 5 O  
t o   t h e   r o l l i n g   d i r e c t i o n  i s  t h e  [111] d i r e c t i o n  or  body d iagonal ,  
BD. This material' is  va r ious l y  known as "GOSS t e x t u r e , "  OK 

" s i n g l y   g r a i n   o r i e n t e d "   s i l i c o n  steel ,  or  SGO. 

R e s i s t i v i t y ,  Electrical zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAp .  - This i s  def ined by t h e   r e l a t i o n  

R = p x , where R is  r e s i s t a n c e ,  L i s  the   leng th   o f  t h e  speci-  

men and A is  i t s  area i n  the same system  of  units.  For  example, 

L 
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Relation of the Iron Cube  to  the  Plane  and  Rolling 
Direction of the Steel Sheet  in Cube-on-Edge Orientation zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

p has   t he   un i t s   o f  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAohm cent imeters.  

Res is t i v i t y ,   I n te r l am ina r ,  Rs. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- I n t e r l a m i n a r   r e s i s t i v i t y  i s  

def ined by the   equat ion  R = Rs x, where A is  the   b lank   a rea ,  R 

i s  t h e   s t a c k   r e s i s t a n c e ,  and S i s  t h e  number o f   b lanks   in   the   s tack .  
I n   t h e  metric system R has t h e  u n i t s  of ohms cent imeters  squared 
per   laminat ion.  

.. - .. . ~ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

S 

Rowland Ring. - A cont inuous  r ing  of   magnet ic  mater ia l   of  
un i form  rad ia l   w idth  and  cross-sect ional   area w i t h  no j o i n t s   o r  
welds. The r a t i o   o f  i t s  mean diameter t o  i t s  rad ia l   w id th  i s  t e n  
t o  one o r   g r e a t e r .  

S ing ly   Gra in  Or iented  S i l icon Steel. - See sect ion  above on 
Or iented  S i l icon- I ron.  

Square  Hysteresis Loop Mater ia l .  - Th is  is  a term which  has 
developed i n   t h e   i n d u s t r y   r e f e r r i n q   t o  a magnet ic  mater ia l   havinq 
a reasonably   rectangular-dc  hysteres is   loop;  Such a loop shows - 
ve ry   sha rp   po in ts   o f   i n f l ec t i on   o r   ab rup t   changes   i n   t he   s lope   o f  
the   magnet iza t ion   curve   near   the   approach  to   sa tura t ion   and on t h e  
demagnet izat ion  curve  shor t ly   a f ter   the  po int   o f   res idual   induc-  
t ion  has  been  passed. 

Stress Relief  Anneal (SRA). - Thermal  t reatment  to  reduce 
res id i ia l  stresses, fol lowed by a cool ing rate which  minimizes 
development  of new stresses, l e a v i n g   t h e   m a t e r i a l   i n  a nea r l y  
s t ress - f ree   cond i t i on .  

S t r u c t u r e   S e n s i t i v e   P r o p e r t i e s .  - The p r o p e r t i e s   t h a t  are 
s t ruc tu re   sens - i t i ve   i n   magne t i c  materials are permeab i l i t y  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(LI) , 
coerc ive   fo rce  ( H c ) ,  and  hys teres is  loss ( P h ) .  The f a c t o r s   t h a t  

a f f e c t   t h e s e   p r o p e r t i e s  are compos i t ion ,   impur i t ies ,   s t ra in ,  
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t e m p e r a t i r e ,   c r y s t a l   s t r u c t u r e   a n d   c r y s t a l   o r i e n t a t i o n .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
M A T E R I A L S   E V A L U A T E D  

The magnetic materials f o r   t h i s  program w e r e  s e l e c t e d  on t h e  
bas is   o f   be ing  those commonly used  in  stat ic  i n v e r t e r  and conver te r  
c i r c u i t s .  The magnet ic  mater ia ls  evaluated  are  descr ibed  below. 
The phys i ca l  and  mechanical   propert ies are shown i n   t a b l e  I. 

S q u a r e   H y s t e r e s i s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBALoop 4%Mo-79%Ni-l7%Fe 

After a spec ia l   hea t   t rea tmen t   t h i s   a l l oy   exh ib i t s   square  
hys teres is   loop   p roper t ies .  The molybdenum add i t i on   i nc reases  
t h e  electr ical r e s i s t i v i t y  and  magnetic  permeabil i ty  as w e l l  as  
ox ida t ion   res is tance  o f   th is   a l loy .   There  i s  evidence  of  atomic 
o rder ing  i n  t h i s   a l l o y .  

Th is   ma te r ia l  is  charac te r i zed  by s l i g h t l y   h i g h e r   c o e r c i v e  
fo rce   t han   t he   a l l oy  would  have when annealed  to  produce maximum 
permeab i l i t y   ra ther   than maximum rec tangu la r i t y   o f   t he   hys te res i s  
loop. 

Gra in   Or ien ted   50%Ni -50%Fe 

This i s  an  alloy  of  50%Ni  and  50%Fe  which  develops a s t rong 
o r i e n t a t i o n   i n   t h e   r o l l i n g   d i r e c t i o n   a f t e r   a n n e a l i n g   s t r i p ,   c o l d  
reduced 98%. The mate r ia l   has  a face-centered  cubic   s t ructure 
wi th   the cube edge  d i rec t ion  [OOl I  b o t h   i n   t h e   r o l l i n g   d i r e c t i o n  
and perpend icu la r   to  it and the  cube  face  p lane ( 1 0 0 )  i n   t h e  
mater ia l   p lane.  The b a s i c   o r i e n t a t i o n  i s  t he  same a s   i n d o u b l y   g r a i  
o r i e n t e d   s i l i c o n  steel  except   tha t   the   a l loy   has  a face-centered 
cub ic   s t ruc tu re   ra the r   t han  a body-centered  cubic   s t ructure.  

Magneti c F i  e l  d Annealed  49%Co-Z%V-49%Fe A 1  1 oy 

This   mater ia l  i s  magnetical ly  annealed  by  applying a f i e l d  
of 6 t o  1 0  oers teds   dur ing   coo l ing  to  create r e c t a n g u l a r i t y   i n  
the   hys teres is   loop .  The pur i ty   o f  raw mater ia ls ,   a l loy   p repara-  
t ion,   mechanical   processing,  and  anneal ing  are  very  careful ly 
cont ro l led  to   keep  e lements  such  as  su l fur ,   carbon,   n i t rogen,  
and  oxygen as low as   poss ib le .  

The annealing  temperature i s  below  the  alpha-gama  phase 
t r a n s i t i o n  and  above  the  ordering  region  and  cooled a t  a r a t e  
of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 O  C/min. This optimum coo l ing   ra te   p revents   a tomic   o rder ing  
c rea ted  by s lower   cool ing rates. The atomic  order ing  reduces 
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Table I. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- Physical and  Mechanical  Properties of Magnetic  Materials  Evaluated 

Material 

Square  Hysteresis Loop 
4%Mo-79%Ni-l7%Fe 

Grain  Oriented 
50%Ni-50%Fe 

Magnetic  Field Annealec 
49%Co-2%V-49%Fe 

Singly  Grain  Oriented 
Si l icon  Steel  

ens i ty  
g/cc 1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
8.74 

8.25 

8.20 

7.65 

7.65 

T Tensile 
Strength 

(ps i )  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI- 
Longitu- 
d ina l  

55,000 
Annealec 

51,500 
Annealec 

40,200 
Annealec 

Trans- 
verse 

i9,600 
4nnealec 

10,200 
4nnealec 

Compre! 
Strel 

(Pi 
,ongitu- 
d ina l  

17,120 
hnealed 

tve 
:h 
I 

:rans- 
rerse 

Expansion 
Thermal 

( i n / i n / T )  

1 2 . 9 ~ 1 0 - ~  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
-70' t o  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2000 

10x10-6 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
00 to 
500 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAO 

200 t o  
1000 

9.9x10-6 

1 2 . 7 ~ 1 0 - ~  
200 

:omposition 
Chemical 

79% N i  
4% MO 

Bal. Fe 

50% Fe 
50% N i  

49% co 
z % V  

49% Fe 

3.25% S i  
Bal.  Fe 

3.00% S i  
Bal. Fe 

Crystal l ine 
Structure & 
3r ientat ion 

f cc 
Isot rop ic  

f cc 
[OOl] i n  di- 
rect ion of 
ro l l i ng  (100, 
i n  plane of 
material 

bcc 
Ordered 
s t ructure 
70-80% 

bcc  Singly 
Grain O r i -  
ented, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi[OOa 

of ro l l ing ,  
i n  d i rec t ion  

(110) i n  ma- 
te r i a l   p lane  

bcc [ O O l .  

of ro l l i ng ,  
i n  di rect ion 

(110) i n  
plane of 

Doubly gra in 
material.  

oriented. 

l lec t r i ca l  
les is t i v i t y  

microhm-cm) 
P 

58 

45 

26 

50 

18.5 a t  22.2O' 
78.0 a t  371.C 
37.5 a t  482.C 

- 
!uric 
'o ints 
('C) 

460 

500 

940 

750 

757 

- 



Table I. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- Continued zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Material 

Square  Hysteresis Loop 
4aMo-79aNi-17aFe 

Grain  Oriented 
50%Ni-50%Fe 

Magnetic  Field  Annealed 
49%Co-2aV-49%~e 

Singly  Grain  Oriented 
S i l i con   S tee l  

Doubly Grain  Oriented 
S i l i con   S tee l  

Magneto- 
s t r i c t i o n  
AL/L 

0 . 6 ~ 1 0 ~ ~  
a t  6 kG 
Longitu- 
d i n a l  

6 6 ~ 1 0 - ~  
a t  24 kG 
Longitu- 
d ina l  

25x10-6 
a t  2 0  kG 
Longitu- 
d ina l  

2 5 ~ 1 0 - ~  
a t  20.3 kc 

ia turat ion 
kduct ion,  
Bs (kG) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

8 

16 

24 

20 

20.3 

Permeabil ity 
I n i t i a l  

UO 

25,000 

500 

2,500 

2  and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 m i l  
1,000 

4,000 

lncremental 
'ermeabil ity 

U A  
Permeabil i ty 

Maximum 

Urn 

500,000 

100,000 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
200,000 

66,000 
80,000 

15,000 (2 m i l  
20,000  (4 m i l  

30,000 
50,000 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

ICs, Oersteds 
Coercivity 

0.2-0.4 
2 m i l  

0.04-0.2 
2 m i l  

0.15-0.35 
2 m i l  

0.4 t o  0.7 
2  and  4 m i l  

0.05 t o  1.5 

Hysteresis Loss, Normal 
91 

(ergs/cm3/m) 



d u c t i l i t y  and  has a de t r imen ta l  e f f e c t  on the   magnet ic   qua l i t y   o f  
t h e  material. A faster cool ina rate i n t roduces   thermal   s t ra ins  
tha t   harmfu l l y   a f fec t   the   magnGt ic   p roper t ies .  

The vanadium  addi t ion  s lows down the   ra te .o f   a tom ic   o rde r ing .  
I t  i n c r e a s e s   t h e   r e s i s t i v i t y   b u t   d e c r e a s e s  somewhat t h e   i n t r i n s i c  
sa tu ra t i on   o f   t he   a l l oy .  

S i n g l y   G r a i n   O r i e n t e d   S i l i c o n   S t e e l  

S i n g l y . g r a i n   o r i e n t e d   s i l i c o n  steel (3.25%Sif   balance Fe) 
has a cube edge  d i rec t ion  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA[OOl]  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA, t he   easy   d i rec t i on  of magnetiza- 
t i o n ,   i n   t h e   r o l l i n g   d i r e c t i o n  of the   mater ia l   and  the   face  
d iagonal   p lane (110) i n   t h e   p l a n e  of the   ma te r ia l .  

D o u b l y   G r a i n   O r i e n t e d   S i l i c o n   S t e e l ,  W i t h  and 
Without  Magnet ic  Field  Anneal  

A doub ly   g ra in   o r ien ted   s i l i con  steel  (3%Si, balance Fe) 
has a cube  edge  direct ion [ O O l ] ,  t h e  easy  direct ion  of   magnet iza- 
t i o n ,   i n   b o t h   t h e   r o l l i n g  and c ross - ro l l i ng   d i rec t i on ,  and t h e  
cube  face  plane ( 1 0 0 )  i n   t he   p lane   o f   t he   ma te r ia l .  

The s i l i c o n   a d d i t i o n   i n c r e a s e s   t h e   i n i t i a l   p e r m e a b i l i t y  and 
r e s i s t i v i t y ,   b u t   d e c r e a s e s   t h e   i n t r i n s i c   s a t u r a t i o n  of t h e  steel. 

SAMPLE DESCRIPTION A N D  
TESTS C O N D U C T E D  

Genera l   Magnet ic   Tes ts  

Core  Descript ions. - The mate r ia l s   eva lua ted ,  t h i ckness  and 
sample  conf igurat ions  are as fo l lows: 

Ma te r ia l  
Thickness, No. of  Sample  Core 

Inches  Samples  Configuration 

Square  Hysteresis Loop 0.002 
79%Ni-4%Mo-l7%Fe Alloy, 0.004 
(Two Vendors) 

Grain  Oriented  50%Ni- 0.002 
50%Fe Alloy, (Two 0.004 
Vendors) 

Magnetic  Field  Annealed 0.002 
49%Co-2%V-49%Fe Alloy 0.004 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

3 Toroid,  Tape Wound 
3 Toroid, Tape Wound 

3 Toroid, Tape Wound 
3 Toroid, Tape Wound 

3 Toroid,  Tape Wound 
3  Rowland Ring Lamina- 

t i o n  
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Thickness, No.  of  Sample  Core 
Inches  Samples  Configuration Material 

Singly  Grain  Or iented 0.002 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 Toroid,  Tape Wound 
S i l i c o n  Steel (Vendor 0.004 3 Toroid,  Tape Wound 
N o .  1) 

Doubly Grain  Or iented 0.002 
S i l i c o n  Steel (Stress 0.006 
Relief  Annealed) 

3 Toroid,  Tape Wound 
3 Double Window Punch- 

ed  Laminations 

Doubly Grain  Or iented 0.002 3 Toroid, Tape Wound 
S i l i c o n  Steel (Magnetic 0.006 3 Double Window Punch- 
Field  Annealed  ed  Laminations 

The material used   to  make the   t ape  wound t o r o i d s  was coated 
wi th  magnesium ox ide   f o r   i n te r l am ina r   i nsu la t i on   excep t   t ha t  0.002- 
i nch   doub ly   g ra in   o r i en ted   s i l i con  steel was coated  wi th  aluminum 
oxide. The th ickness   o f   the  magnesium oxide  coating,  assuming  no 
reac t i on   w i th   t he  steel  su r face ,  was approximately 0.03 m i l .  

The Rowland r ing  laminat ions  and  double window laminat ions 
were coated  wi th aluminum or thosphosphate   fo r   in te r laminar   insu la -  
t i on .  The coat ing  w a s  approximately 0 .007-m i l  t h i ck .  

The Rowland r ing  laminat ion  drawing is  shown i n   f i g u r e  1. 
The double window lamination  drawing i s  shown i n   f i g u r e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2. A l l  

samples  weighed  approximately  one  pound. 

The anneal ing  t reatments  for   the  var ious  magnet ic  materials 
were as  fo l lows:  

Mater ia l  Annealing  Treatment 

Square  Hysteresis  Loop, 1 1 6 O o C ,  4 h rs . ;   coo l  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA@ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAS o  C/min. 
4%Mo-79%Ni-l7%Fe Alloy, Dry hydrogen  atmosphere 
(Two Vendors) 

Grain  Oriented  50%Ni-50%Fe 1175O C ,  4 hrs . ;  Dry hydrogen 
Alloy, Vendor N o .  1 atmosphere,  Furnace  cool  to 

900° C,  a i r  quench. 

Grain  Oriented  50%Ni-50%Fe 1 0 4 0 "  C ,  1.5   h rs . ;   coo l  @ 
Alloy, Vendor No. 2 7.5O C / m i n ,  Dry hydrogen 

atmosphere 

Magnetic  Field  Annealed 850° C,  2 hrs . ;   coo l  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 O  C/min . ,  
49%Co-2%V-49%Fe Alloy Dry hydrogen  atmosphere , F ie ld  

Singly  Grain  Oriented  800° C, 1 hr . ;  Dry hydrogen 
S i l i c o n  Steel atmosphere 
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/ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3.256-in. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAdiam - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
P - 3.89-in. diam P 

STACK 
H E I G H T  1 i n ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 

Figure 1. - R o w l a n d   R i n g   L a m i n a t i o n  
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. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1.31 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA7 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

I 0.6 

- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 . 8  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 7  
i 

Figure 2. - Double Window Lamination 
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Material  Annealing'  Treatment 

Doubly Gra in  Or iented 
S i l i c o n   S t e e l  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA900° C ,  1.5 hr . ;  Dry hydrogen 

atmosphere, Furnace  cool 

A f te r   annea l ing ,  a l l  cores  were enclosed  in   anodized aluminum 
core  boxes  wi th a g l a s s  epoxy i n s e r t  t o  provide a break   i n   t he  
e l e c t r i c a l   p a t h .  The core  boxes w e r e  i nsu la ted   w i th   an  epoxy  with 
a minimum vo l tage  breakdown  of 1 , 0 0 0  v o l t s  rms a t  60 Hz. The 
core  boxes w e r e  s i l i c o n e   o i l   f i l l e d  and  hermet ica l l y   sea led   a f te r  
i nse r t i ng   t he   co res .  A typ ica l   sealed  round  core  box i s  shown i n  
f i g u r e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 .  A t yp ica l   sea led   doub le  window core  box is shown i n  
f i g u r e  4. 

The fol lowing  magnet ic  property tests were conducted  using 
the  equipment  and  procedures  described  in  Appendix C. 

CCFR Test ing.  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- CCFR (Constant  Current  Flux R e s e t )  tests 
were conducted  on 2 cores o f   each   ma te r ia l   a t  room ambient t e m -  
pera tu re .  Tests were conducted a t  8 0 0 ,  1 6 0 0 ,  and 3200 Hz using 
square wave e x c i t a t i o n .   I n   a d d i t i o n ,  tests were conducted  on zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 
co res   o f   each   ma te r ia l   a t  400 Hz using  both s i n e  and  square wave 
e x c i t a t i o n .  The proper t ies  determined w e r e  T ,  B r ,  AT, DAT, SAT, 
and G. 

DC Test inq.  - Tests were conducted on  two thicknesses  of  each 
type   o f   mater ia l  a t  -55O C ,  room ambient temperature  and 250° C 
t o   o b t a i n  dc magnetization  curves  and  dc hys teres is   loops .  

AC Test ing.  - Tests w e r e  conducted  using  square wave exc i ta -  
t i o n  on  two th icknesses  o f   each  type  o f   mater ia l   to   determine 
4 0 0 ,  800 ,  1 6 0 0 ,  and 3200 Hz t o t a l   c o r e  loss, apparent power  and 
ac   hys te res i s   l oops .  Tests w e r e  conducted a t  -55O C ,  room 
ambient  temperature  and 250° C. 

Addit ional  experimental  problems  encountered i n  prepar ing 
specimens  for   test ing  and  the  so lu t ions of those  problems  are 
t r e a t e d   i n  Appendix D. 

D e g r a d a t i o n   T e s t i n g  

The degradat ion tests w e r e  des igned   to   eva lua te   t he   de t r i -  
menta l   magnet ic   e f fects ,   i f   any,   o f  some of   the  normal  factory 
p rocess ing   s teps .  The fo l low ing   mater ia ls  were t e s t e d   f o r   t h e  
fo l lowing  condi t ion:  

Material and Form Process  Var iab le  Steps 

0.004-inch  Square  Hysteresis Enclosed  in  an  unsealed  core 
Loop,  4%Mo-79%Ni-l7%Fe Al loy,  box  with  windings on t h e  
Vendor N o .  1, t ape  wound i n  core box 
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Figure 3. - Round Toroid Sealed Core Box 

Figure 4. - Double Window Sealed Core Box 
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Material  and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAForm Proces's  Variable  Steps 

square  form,  magnesium  oxide  Windings  directly zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAon unprotected 
interlaminar  insulation  core 

Core  bonded  with  varnish 

Core  cut  to  make  two  C-cores 
and  banded  to  make  a  square 
core  again 

Core  dipped  in  varnish  and 
baked  to  cure  varnish 

0.004-inch  single  grain 
oriented  silicon  steel, 
Vendor No. 1, tape  wound 
in  square  form,  magnesium 
oxide  interlaminar  insula- 
tion 

0.006-inch  doubly  grain 
oriented  silicon  steel, 
double  window  laminations, 
magnetic  field  annealed, 
aluminum  orthophosphate 
interlaminar  insulation 

Enclosed in  an  unsealed  core 
box  with  windings on the  core 
box 

Windings  directly on unprotected 
core 

Core  bonded  with  varnish 

Core  cut  to  make  two  C-cores 
and  banded  to  make a square 
core  again 

Core  dipped in varnish  and 
baked  to  cure  varnish 

Only  center  leg  enclosed  with 
a  core  box,  windings  only  on 
center  leg 

Windings  directly on center  leg 
of  laminations  and  laminations 
bonded 

Laminations  dipped in varnish 
and  baked  to  cure  varnish 
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Material Process  Variable  Steps 

0.006-inch  doubly  grain 
oriented  silicon  steel, 
double  window  laminations, 
stress  relief  annealed, 
aluminum  orthophosphate 
interlaminar  insulation 

Only  center  leg  enclosed  with 
a  core  box,  windings  only on 
center  leg 

Windings  directly on center 
leg zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof laminations  and  lamina- 
tions  bonded 

Laminations  dipped in varnish 
and  baked  to  cure  varnish 

Magnetically  annealed  0.004-  Enclosed  in  an  unsealed  core 
inch  49%Co-2%V-49%Fe  Alloy,  box  with  windings  on  the  core 
tape  wound  as  circle,  mag-  box 
nesium  oxide  interlaminar 
insulation  Windings  directly  on  unprotected 

core 

Core  coated  by  fluidizing 

0.004-inch grain  oriented,  Enclosed  in  an  unsealed  core 
50%Ni-50%Fe  Alloy,  Vendor  box  with  windings  on the core 
No. 1, tape  wound  as  circle  box 
magnesium  oxide  interlaminar 
imulation Windings  directly  on  unprotected 

core 

Core  coated  by  fluidizing 

The  materials  were  annealed  as  described on page 18. 

The  bonding  procedure  used  was  one  vacuum  and  two  room- 
pressure  impregnations  with  a  clear  silicone  varnish  followed by 
baking  four  hours  at  204O C. 

The  "dip  and  bake"  procedure  used was  one  vacuum  impregnation 
with  a  clear  silicone  varnish  followed by  baking  for  six  hours  at 
265O  C. 

The  "fluidizing"  was  accomplished  by  dipping  cores  preheated 
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to   approx imate ly  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA500° F i n  an a i r   a g i t a t e d   b a t h  of epoxy r e s i n  
powder. The coated  cores w e r e  then  cured a t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 0 0 °  F f o r   f o u r  
hours. 

The cores  were tested  to   determine  dc  magnet izat ion  proper-  
t ies and to ta l   co re   l oss   us ing   square  wave e x c i t a t i o n  a t  400 and 
3200 Hz fo l lowing  each  operat ion.  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Vacuum zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAExposure Tes  t i  ng 

Two series of tests w e r e  conducted to   de termine   the   e f fec t   o f  
exposure  of   magnet ic  mater ia ls  for  1000 hours a t  250° C i n  a 
vacuum i n   t h e   r a n g e  of 1.4x10-5to 7x10-6 t o r r .  

The f i r s t  series w a s  the   eva lua t ion   o f   fu l l y   p rocessed  cores  
similar t o   t hose   used   i n   t he   f ac to ry   p rocess ing  tests. 

The mate r ia l s   eva lua ted   a re  

Mater ia l   and Form 

as fo l lows: 

Processina 

0.004- inch Square  Hysteresis 
Loop,  4%Mo-79%Ni-17%Fe Alloy, 
t ape  wound i n  square  form, mag- 
nesium  oxide  inter laminar 
i n s u l a t i o n  

0.004-inch  Singly  Grain Or ien t -  
ed  S i l i con  Steel, Vendor N o .  
1, tape wound i n  square  form, 
magnesium ox ide   in te r laminar  
i n s u l a t i o n  

0.006-inch  Doubly Gra in  Or ien t -  
ed  S i l i con  Steel, double 
window laminat ions,  stress 
rel ief annealed, aluminum 
or thophosphate  in ter laminar  
i n s u l a t i o n  

0.006-inch  Doubly G r a i n  Orient-  
ed   S i l i con  steel, double win- 
dow laminat ions ,   magnet ic   f ie ld  
annealed, aluminum ortho- 
phosphate  in ter laminar   in-  
s u l a t i o n  

Core   cu t   to  make two C-cores 
and  banded t o  make a square 
core  again.  Core  dipped i n  
varn ish  and  baked t o   c u r e  
varn ish  

Core c u t   t o  make two C-cores 
and  banded t o  make a square 
core again.  Core  dipped  in 
varn ish  and  baked t o   c u r e  
varn ish  

Laminat ions  dipped  in  varnish 
and  baked t o   c u r e   v a r n i s h  

Laminations  dipped i n   v a r n i s h  
and  baked t o   c u r e   v a r n i s h  
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The cores were t e s t e d  a t  room ambient  temperature to  ob ta in  
t o t a l  core loss using  square wave e x c i t a t i o n  a t  400 Hz. Tests 
were conducted  pr ior  t o  vacuum t reatment ,  after 500 hours,  and 
after 100'0 hours  exposure. The weight of cores p r i o r  t o  and 
a f t e r  500 and 1 0 0 0  hours  exposure was determined. 

The second series w a s  conducted to  de te rm ine   t he   e f fec t   o f  
vacuum on  laminat ions  that   had  been  coated  wi th aluminum ortho- 
phosphate  but  not  impregnated or  i n   c o n t a c t   w i t h  any  windings. 

The m a t e r i a l s   t e s t e d  were as follows: 

Mater ia l  

0.006-inch  Square  Hysteresis Loop,  4%Mo-79%Ni-l7%Fe  Alloy, 

0.004-inch  Square  Hysteresis zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBALoop, 4%Mo-79%Ni-l7%Fe Alloy, 

0.004- inch  Singly  Grain  Or iented  Si l icon Steel, Vendor N o .  1 
0.004-inch, 49%Co-2%V-49%Fe Alloy (Magnetic  Field  Annealed) 
0.006-inch, 49%Co-2%V-49%Fe Alloy (Magnetic F ie ld  Annealed) 
0.006-inch, Doubly Grain  Or iented S i l i c o n  Steel (Stress relief 

0.006-inch,  Singly  Grain  Oriented  Si l icon Steel, Vendor N o .  2 
0.'006-inch,  Grain  Oriented,  50%Ni-50%Fe Alloy, Vendor N o .  2 
0.004-inch,  Grain  Oriented  50%Ni-50%Fe  Alloy,  Vendor N o .  1 

Vendor N o .  1 

Vendor N o .  2 

annealed) 

The materials were e v a l u a t e d   i n   t h e  form of round Rowland 
r ings  and as round  b lanks  insu lated  wi th  aluminum orthophosphate. 

The Rowland Rings were banded as shown i n   f i g u r e  5. The 
p l a t e s  were loaded t o  150  pounds p r i o r  t o  bonding. Clamps were 
removed p r i o r  t o  core loss t e s t i n g .  

The cores were t e s t e d  a t  room ambient  temperature  af ter  
500 and 1 0 0 0  hours a t  250° C i n  a vacuum in   t he   range   o f  l om6 
torr. 

The blanks w e r e  exposed as loose  blanks. The average  in ter -  
laminat ion  res is tance  and  weight  were determined  pr ior  t o  expo- 
su re   and   a f te r  1000  hours  exposure. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

D A T A   A N D   T E C H N I C A L   D I S C U S S I O N  

T e s t  Resu l ts  

Data  Presentat ion.  - The data  obta ined  in   the  "Genera l  Mag- 
n e t i c  Tests" for   each material th ickness,   core  conf igurat ion,  
and  heat  t reatment were reviewed and  curves  representat ive of t he  
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3.256-Inch by 3.89-Inch 
Rowland Ring zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

/ 
Band zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

4 . 0  

4.0 Inch m 

Band 

Stainless  Steel 
1/8-Inch Thick 

~ 1 Inch Nominal zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Figure 5. - Clamping  Arrangement f o r  Rowland Rings Vacuum Test ing 
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va r ious   p roper t i es  were prepared  and are presented  below. The 
data f r o m  the  "Degradation  Testing"  and "Vacuum Exposure  Testing" 
are p r e s e n t e d   i n   t h e i r   e n t i r e t y .   F o r   p u r p o s e s   o f   b r e v i t y   t h e  
fo l lowing  shor t   des ignat ions are used. 

Designation  Complete  Description 

SHL 4140-79NiFe Square  Hysteresis Loop 4%Mo-79%Ni- 
17%Fe 

GO 5ONi-Fe Grain  Oriented  50%Ni-50%Fe 

MFA 2V-CoFe Magnetic  Field  Annealed 49%Co- 
2%V-49%Fe 

SGO S i  Steel Sing ly   Gra in   Or ien ted   S i l i con   S tee l  

DGO S i   S t e e l  Doubly Gra in  Or iented  S i l icon Steel 

SRA Stress  Rel ief   Anneal  

MFA Magnetic  Field  Anneal 

DW Double Window 

Square  Hysteresis Loop 4%Mo-79%Ni-l7%Fe: Two tape  th ick-  
nesses were evaluated:  0.002-inch  and  0.004-inch.  Although 
these two gauges show some, rather s l i g h t ,   d i f f e r e n c e s   i n   p r o -  
p e r t i e s ,   t h e y  follow t h e  same pat tern  o f   proper ty   change  wi th  
frequency  and  temperature. 

DC Magnetization  Curves:  Figure 6 displays  dc  magnetiza- 
t ion   curves  a t  temperatures  of  -55" C ,  room ambient,  and 250' C 
for  the  0.004-inch  and  0.002-inch  tapes. The temperature  has a 
cons ide rab le   e f fec t  on the   dc   magnet iza t ion   o f   th is  material 
because  o f   the   re la t i ve ly  low Cur ie   temperature  o f   th is  com- 
posi t ion.   For  instance,  in  the  0.002- inch core t h e   f l u x   d e n s i t y  
corresponding  to  a f i e l d  of 1 0  oersteds  increases  f rom  7.5 kG 
a t  room temperature t o  9.5 kG a t  -55O C ,  and  then  decreases t o  
5.6 kG w i th   an   i nc rease   i n   t empera tu re   t o  250" C. The 0.004-inch 
ma te r ia l   d i sp lays   t he  same tempera ture   pa t te rn   except   tha t   the  
va lues are somewhat d i f f e r e n t ;   f o r   i n s t a n c e ,   t h e   f l u x   d e n s i t y  a t  
1 0  oersteds  increased  f rom 7.4 kG a t  room tempera ture   to  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8 . 3  kG 
a t  -55' C and  decreased t o  5.8 kG a t  250" C. 

inch material a t  -55" C,  room ambient,  and 250' C are shown on 
f i g u r e  7. The loops   f o l l ow   the   t yp i ca l   pa t te rn   i n   response   to  
the  change  in   temperature.  

DC Hysteresis  Loops: The dc   hys te res i s   l oops   f o r   t he  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 .002-  

AC Core Loss Curves:  Figures 8 and 9 dep ic t   the   core  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAloss 
of  0.004-inch  and 0.002- inch-tape  th icknesses,  respect ively,  as 
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a funct ion  o f   both  square wave f requencies  o f  400 t o  3200 Hz and 
temperatures  of  -55" C ,  room ambient,  and 250" C. The tempera- 
t u r e   e f f e c t  w a s  not   as  pronounced  in   core zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAloss as i n   the   dc   p ro-  
pert ies.   For  instance,  between 1 and 7 kG which  covers  the  use- 
f u l   i n d u c t i o n   r a n g e   f o r   t h i s   m a t e r i a l ,   t h e   l o s s e s  a t  -55" C d i d  
n o t   d i f f e r  much from  those a t  room temperature. However, t he  
pat tern  changes a t  250" C. A considerable  drop  occurs i n  core 
loss up t o  a f l ux   l eve l   o f  4.5 kG; but   f rom  th is   po int   on,   due 
t o  a dec rease   i n   sa tu ra t i on   i nduc t i on ,   t he re  i s  a rap id   i nc rease  
toward  higher core loss values  wi th   increas ing  induct ion.  

The 0.002-inch  material shows  a considerably  lower  core loss 
than   the   0 .004- inch   mater ia l .   For   ins tance,   a t  a f lux   dens i ty   o f  
6 kG, the  0.002-inch  tape  displays a room temperature 400 Hz core 
loss of 0.18 wat ts / lb   versus  0 .27  w a t t s / l b   f o r  t h e  0.004-inch  tape. 

AC Apparent Power Curves: AC apparent power curves  for   both 
gauges  are shown on f i g u r e s  1 0  and 11 t h a t   d i s p l a y   e x c i t i n g   v o l t -  
amperes a t  -55O C ,  room ambient, and  250° C f o r  400 t o  3200 Hz. 
A s  expected,  the  curves  fo l low t h e  typ ica l   pat terns  o f   change i n  
response  to  changes i n  frequency  and  temperature. 

AC Hysteres is  Loops: AC hys teres is   loops   fo r   bo th   gauges  a t  
-55" C,  room ambient,  and 250° C a r e  shown on f i g u r e s  1 2  through 
1 7  f o r  400 t o  3200 Hz. As expected, t h e  loops  broaden  with i n -  
creasing  f requency. No loop   d i s to r t i on  was observed i n  response 
t o  changes  of   e i ther  f requency  or  temperature.  

CCFR Proper t i es :  The CCFR propert ies  of   both  gauges are 
shown on f i g u r e s  1 8  and 1 9  f o r  400  t o  3200  Hz. There are some 
d i f f e rences  i n  t h e  AT and DAT values  between  the two gauges. 
The 0.002- inch  mater ia l   d isplays a DAT value  of   0.005  oersteds 
a t  400 Hz; t h i s   p r o p e r t y   i n c r e a s e s   t o   0 . 0 2 3   o e r s t e d s   a t  3200 Hz. 
The AT value of t h e  same material was 0.030 o e r s t e d s   a t  400 Hz 
and  0.052 oe rs teds  a t  3200 Hz. The DAT value  of  the  0.004-inch 
m a t e r i a l  was approximately  four times g r e a t e r  a t  400 Hz, b u t  
only 25% g r e a t e r  a t  3200 Hz. There was q u i t e  a d i f f e r e n c e   i n  
ga in,   amount in   to   9 .5~105 a t  400 Hz i n   t h e  0.002-inch  material 
versus  4 .35~103  in   the  0 .004- inch  mater ia l .  A s  the  f requency 
increases t o  3200 Hz, the  former material showed a ga in   decrease 
to   2 .5~105  whereas   the  l a t te r  mate r ia l   d ropped   i n   ga in   t o   0 .55~105 .  

Grain  Oriented  50%Ni-50%Fe0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- Two tape   th icknesses  were 
evaluated:  0.002-inch  and  0.004-inch. 

DC Magnetization  Curves: DC magnet izat ion  curves  for   both 
gauges a t  -55" C ,  room ambient,  and  250" C are shown on f i g u r e  20. 
The ef fect   o f   temperature on the  dc  magnet izat ion  proper t ies  o f  
t h i s   ma te r ia l   f o l l ows   t he   conven t iona l   pa t te rn ;  i ts magnitude i s  
between  those  of  Si-Steels  and 4Mo-79NiFe. The t h i c k e r   m a t e r i a l  
has a somewhat h ighe r   dc   pe rmeab i l i t y   a t   h ighe r   i nduc t i ons  a t  a l l  
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'Figure 6. - DC Magnetization, 0.004- and 0.002-Inch 4%Mo-79%Ni- 
17%Fe  Toroid,  Square Loop 
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Figure 7 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA.- 

B = 2 kG/div 

H = 2 Oe/div zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
T = -55O C 

B = 2 kG/div 

H = 2 Oe/div 

T = Room Ambient 

B = 2 kG/div 

H = 2 Oe/div 

T = 250' C 

DC Hysteres is  Loop, 0.002-Inch  4%Mo-79%1Ji-l7%Fe, 
Square Loop 
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Tcnp zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA7 -55 .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAC 
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CORE LOSS (WATTS PER POlPlD) 
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Figure 8. - P Total  Core Loss vs Induction and  Frequency, 
Cf s q f  

0.004-Inch 4%Mo-79%Ni-l7%Fe  Toroid,  Square Loop 
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Figure 9. - P Total  Core Loss vs Induction  and  Frequency, 
C #  sq ,  

0.002-Inch  4%M0-79%Ni-l7%Fe Toroid,  Square Loop 
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Tomp zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA-55. C 
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Figure 11. - P  Apparent  Power vs Induction  and  Frequency, 
a, sq, 
0.002-Inch 4%Mo-79%Ni-l7%Fe  Toroid,  Square  Loop 
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f zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA400 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAHz 
B = 2 kG/div 
H = 2.5 Oe/div 

f = 800 H z  
B = 2 kG/div 
H = 2.5 Oe/div 

f = 1600 Hz 
B =  2 kG/div 
H = 2.5 Oe/div 

f = 3200 H z  
B =  2 kG/div 
H = 2.5 Oe/div 

Figure 12.-AC Hysteresis Loop, Square  Wave  Excitation, 400, 
800, 1600,  and 3200 Hz, 0.004-Inch G%Mo-79%Ni-l7%Fe 

Toroid,  Square Loop, - 5 5 O  C 
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f =  
B =  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
H =  

f =  
B =  
H =  

400 H z  
2 kG/div 

2 5 Oe/div 

800 H z  
2 kG/div 

2.5 Oe/div 

f zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 1.600 H z  
(c) B = 2 kG/div 

H = 2.5 Oe/div 

f = 3200 H z  
(d) B = 2 kG/div 

H = 2.5 Oe/div 

Figure 13.- AC Hysteresis Loop, Square  Wave  Excitation, 400, 
800, 1600, and  3200 Hz, 0.004-Inch 4%Mo-79%Ni-l7%Fe 

Toroid,  Square Loop, Room Ambient 
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f =  
B =  
H =  

f =  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
B =  
H =  

400 Hz 
2 kG/div 

1 0 0  Oe/div 

8 0 0  Hz 
2 kG/div 

50 Oe/div 

Figure 14.- AC Hysteres is  Loop, Square Wave Exc i ta t i on ,  400, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
800, 1600, and 3200 Hz, 0.004-Inch 4%M0-79%Ni-l7%Fe 

Toroid,  Square Loop, 250" C 
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f =  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
B =  
H =  

f =  
B =  
H =  

f =  
B =  
H =  

f =  
B =  
H =  

400 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2 

2.5 

800 
2 

2.5 

Hz 
kG/div 
Oe/div 

1 6 0 0  
2 

2.5 

Hz 
kG/div 
Oe/div 

3200 
2 

2.5 

Hz 
kG/div 
Oe/div 

Hz 
kG/div 
Oe/div 

Figure 15.-AC Hys teres is  Loop, Square Wave Exc i ta t i on ,  400 ,  
800,  1600,  and 3200 Hz, 0.002-Inch  4%Mo-79%Ni-l7%Fe 

Toroid,  Square Loop, -55O zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAC 
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I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAf = 400 Hz zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
( a >  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAB = 2 kG/div 

H = 2.5 Oe/div 

f = 800 Hz 
(b) B = 2 kG/d iv  

H = 2.5 Oe/div 

f 
B 
H 

f 
B 
H 

1 6 0 0  
2 

2.5  

3200 
2 

2.5 

Hz 
kG/d iv  
Oe/div 

Hz 
kG/d iv  
Oe/div 

F i g u r e   1 6 . - A C  Hysteresis Loop, S q u a r e  Wave Exc i ta t i on ,  400,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
8 0 0 ,  1 6 0 0 ,  and 3200 Hz, 0.002-Inch  4%Mo-79%Ni- l7%Fe 

T o r o i d ,   S q u a r e  Loop, Room Ambient 
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f zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 400 Hz zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
(a) B = 2 kG/div 

H = 5 0  Oe/div 

f = 800 Hz 
(b) B = 2 kG/div 

H = 50 kG/div 

f = 1600 Hz zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
( c )  B = 2 kG/div 

H = 250 Oe/div 

f = 3200 Hz 
(d)  B = 2 kG/div 

H = 250 Oe/div 

Figure 17.-  AC Hysteresis Loop, Square Wave E x c i t a t i o n ,   4 0 0 ,  & 
800,  1600 ,  and 3200 Hz, 0.002-Inch  4%M0-79%Ni-l7%Fe 

T o r o i d ,  Square Loop, 250° C 
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Toroid,   Grain  Or iented 
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temperatures  appl ied.  For the   magnet iza t ion   fo rces   o f  10  and 
100 oers teds ,   the   cor respond ing   f lux   dens i t ies  are 1 6 . 1  and 1 6 . 4  
kG for  the'  0.004-inch  material  versus  15.7  and  15.8 k G  f o r   t h e  
0.002-inch material. 

DC Hysteres is  Loops:  Figure 2 1  d isp lays   dc   hys teres is   loops  
f o r   t h e  0.002- inch  mater ia l   as a funct ion  of   temperature.  A l l  
th ree   loops  show a high  degree of rec tangu la r i t y .  

AC Core Loss Curves: AC core  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAloss curves  for   both  gauges 
a t  -55O C,  room ambient,  and  250° C are shown i n   f i g u r e s  22 and 
23 t h a t   d i s p l a y  losses a t  400 t o  3200 Hz. The core loss a t  10 
kG and 400 Hz amounts t o  1.3   wat ts /pound  fo r   the   th inner   mater ia l  
and 1 .9  watts/pound  for   the  0.004- inch  mater ia l .  A s  t h e   i n d u c t i o n  
i n c r e a s e s   t o   1 5  kG, t h e  400 Hz core  loss a t  room temperature 
m o u n t s   t o  2 .3  wat ts /pound  for   the  th inner  material and 3.1 
wat ts /pound  fo r   the   th icker   mater ia l .  The change i n   c o r e  loss 
with  temperature i s  considerably  less pronounced  than  in  the SHL 
4Mo-79NiFe toro ids.   There i s  a s l i g h t   i n c r e a s e  i n  core  loss, 
e s p e c i a l l y   a t  400 Hz, as  the  temperature i s  lowered t o  -55O C. 
The reverse   pa t te rn   app l ies   fo r   lower   induc t ions  when the  t e m -  
pera tu re  i s  i n c r e a s e d   t o  250° C. A t  high  induct ions  there i s  
a cons ide rab le   i nc rease   i n   co re  loss. 

AC Apparent Power  Curves: AC apparent power curves   fo r   bo th  
gauges  are shown on  f igures  24  and 25 t h a t   d i s p l a y   e x c i t i n g - v o l t  
amperes a t  -55' C,  room ambient,  and 250° C f o r  400  t o  3200 Hz. 
The curves  fo l low  the  convent ional   temperature  pat tern.  

AC Hysteres is  Loops: AC hys teres is   loops   fo r   bo th   geomet r ies  
a t  -55O C, room ambient,  and  250° C f o r  400  t o  3200 Hz a r e  shown 
i n  f i g u r e s  26 through 31. The curves show no d i s to r t i on   and ,   as  
expected,  the  loops  widen  in  response t o  an  increase  in   f requency.  

CCFR Proper t i es :  The CCFR proper t ies  o f   both  gauges are 
shown on f i g u r e s  32 and 33 f o r  400 t o  3200 Hz. By comparison 
the  0.004-inch material showed a somewhat h igher  SAT va lue ,  
15.27 kG a t  400 Hz a s  compared t o  15.07 kG f o r   t h e  0.002-inch 
material. A s  the  f requency increases t o  3200 Hz t h e r e  i s  only 
a s l i g h t  change i n   t h e  SAT va lue   fo r   bo th   mater ia ls .  The same 
pa t te rn   app l i es  t o  Br, being  15.2 kG for   the  0 .004- inch  mater ia l  

and  14.93 kG f o r   t h e  0.002-inch  material,   both a t  400 Hz. The 
T value i s  about   the same f o r   b o t h  materials, 0.99: t h i s  pro- 
p e r t y  shows only a s l i g h t  change  with an increase in   f requency.  
The ga in  was 4 . 2 5 ~ 1 0 5   f o r   t h e   0 . 0 0 4 - i n c h   m a t e r i a l   v e r s u s   5 . 0 ~ 1 0 ~  
f o r   t h e  0.002-inch material. Both  gauges show a considerably  
s t e e p   d e c r e a s e   i n   g a i n  w i t h  an i n c r e a s e   i n   f r e  uency t o  3200 Hz, 
the  0.004-inch material t o  a value  of   0.875~10 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 . 

Magnetic-Field  Annealed 49%Co-2%V-49%Fe Alloy. - Two gauges 
of magnet ic- f ie ld  annealed 49%Co-2%V-49%Fe a l l o y  were evaluated: 
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t o r o i d s  wound from  0.002-inch  tape  and  cores  assembled  from 
punched  0.004-inch Rowland r ing  laminat ions.  

DC Magnetization  Curves: DC magnet izat ion  curves  for   both 
gauges a t  -55' C,  room ambient,  and 250' C a r e  shown i n  f i g u r e  34. 
The t o r o i d   d i s p l a y s   c o n s i d e r a b l y   h i g h e r   p e r m e a b i l i t i e s   a t   h i g h  
induc t ions   than  the  Rowland r ing  core  because  o f  a grea te r   deg ree  
of  domain o r i e n t a t i o n   i n   t h e  tape-wound co re   (be t te r   response   to  
magnet ic   annea l ing) .   Th is   d i f fe rence  in   the   degree of domain 
or ien ta t ion   b r ings   about  a d i f f e r e n c e   i n   t h e   m a g n e t i c   p r o p e r t i e s  
of   the two gauges when t e s t e d   a t   t h e  same temperature. A s  t he  
temperature  of   the  toroids  changes,  the  pattern  of   change i n  t h e  
magnet ic   p roper t ies   d isp lays  a t r e n d   o p p o s i t e   t o   t h a t  shown by 
o the r  core m a t e r i a l s  tested i n   t h i s  program. A s  compared wi th  
t h e   m a g n e t i c   p r o p e r t i e s   a t  room tempera ture ,   the   f lux  densi t ies 
of t h e   t o r o i d   a t  1 and 1 0  o e r s t e d s   d e c r e a s e   a t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA-55' C and in -  
crease a t  250° C. On t h e  other hand,  the  pattern  of  change w i t h  
temperature  of   the  magnet izat ion  curve  of   the  laminated  r ing 
resembles a t yp ica l   so f t -magnet ic   a l loy .  

DC Hysteres is  Loops: The dc   hys te res i s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAloops f o r   t h e  0,002- 
i nch   th ickness  a t  -55' C,  room ambient,  and  250° C a r e  shown on 
f i g u r e  35.  The loops   d isp lay  a high  degree  of   rectangular i ty  and 
show no d i s t o r t i o n .  

AC Core Loss Curves: AC core loss curves  for   both  gauges 
and  temperatures  of -55' C, room ambient,  and 250' C a r e  shown 
i n   f i g u r e s  36 and 37 t h a t   d i s p l a y   l o s s e s  a t  400 t o  3200 Hz. 
I n   s p i t e   o f  a greater   th ickness ,   the   r ing   core   ( f igure   36)  shows 
lower   losses a t  lower  induct ions and  lower  f requencies  than  the 
tape-wound t o r o i d   ( f i g u r e   3 7 ) ;   t h e   o p p o s i t e   s i t u a t i o n   a p p l i e s   a t  
h ighe r   i nduc t i ons   and   espec ia l l y   a t   h ighe r   f requenc ies .  The 
reason   fo r   t h i s   behav io r  is the  high  anomalous loss of a h igh ly  
domain-or iented  structure.  However, a s  w i l l  be  d iscussed else- 
where in   th is   repor t ,   the   domain-or ien ted   s t ruc tu re   responds  to  
square wave e x c i t a t i o n   w i t h  a decrease i n   c o r e  loss e s p e c i a l l y  
a t   h ighe r   f requenc ies .  

AC Apparent Power Curves: AC apparent  power curves  for   both 
gauges are shown on  f igures  38 and 39 t h a t   d i s p l a y   e x c i t i n g - v o l t  
amperes a t  -55' C, room ambient,  and 250' C f o r  400 t o  3200 Hz. 
As i n   c o r e  loss, the  r ing  core  ( f igure  38)   d isp lays  lower   apparent  
power values  at   lower  induct ions  and  lower  f requencies.  

AC Hysteres is  Loops: AC hys te res i s   l oops   f o r   bo th   gauges   a t  
-55' C ,  room ambient,  and 250' C a r e  shown on f i g u r e s  40  through 
45 f o r  400 t o  3200 Hz. The t o r o i d s   ( f i g u r e s  43, 4 4 ,  and  45) show 
somewhat h ighe r   rec tangu la r i t y .  A t  higher   f requencies  both  cores 
show  some d i s t o r t i o n .  

CCFR Proper t i es :  The CCFR proper t ies   fo r   bo th   gauges  a re  
shown on f i g u r e s  46  and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 7  fo r   f requenc ies   o f  400 t o  3200 Hz. 
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B zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 kG/div 

H = 1 0  Oe/div zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
T = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- 5 5 O  C 

B = 4 kG/div 

H = 1 0  Oe/div 

T = Room Ambient 

B = 5 kG/div 

H = 1 0  kG/div 

T = 250° C 

Figure 21.- DC Hysteres is  Loop, 0.002-Inch 50%Ni-50%Fe  Toroid 
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Figure 22. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- P Total  Core Loss vs Induction and  Frequency, 
c, sq, 
0.004-Inch 50%Ni-50%Fe  Toroid  Grain  Oriented 
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Figure 23. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- P sq, Total  Core Loss vs Induction and  Frequency, 
C ?  

0.002-Inch 50%Ni-50%Fe  Toroid,  Grain  Oriented 

49  



I I I I I I I I I  I I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Temp = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA-55 .  C 

0 . 0 0 4 - i n c h   T o r o i d  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

0.01 0.1  1.0 10 100 

VOLT-AELPEMS  PER zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAPOUND 

( a )  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 400 IIz I 

0.01 L 
0.1 1.0 10  100 1000 

VOLT-APWEFES  PER POUND 

( b )  

0 400 tlz 

0 800 Hz 

D 2000 HZ 

A 3200 Hz 

- Temp = 250° C 

- 0 . 0 0 4 - i n c h   T o r o i d  

- - 
- - 
- - 
- 

I 1 1  
- 

0.01 0.1 1.0 10 100 1000 

VOLT-AWERES PER POUND 

( C )  

Figure 24.  - P Apparent Power vs Induction  and  Frequency, 
a, sq, 

0.004-Inch  50%Ni-50%Fe  Toroid,  Grain  Oriented 
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a, sqr 
0.002-Inch 50%Ni-S0%Fe  Toroid, Grain  Oriented 
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f =  
B =  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
H =  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
f =  
B =  
H =  

f =  
B =  
H =  

f =  
B =  
H =  

400 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
4 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
5 

800 
4 
5 

H z  
kG/div 
Oe/div 

1 6 0 0  
4 
5 

H Z  

kG/div 
Oe/div zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

3 2 0 0  
4 
5 

Hz 
kG/div 
Oe/div 

Hz 
kG/div 
Oe/div 

F igure 2 6 . - A C  Hysteres is  Loop, Square Wave Exc i ta t ion ,  4 0 0 ,  
800 ,  1 6 0 0 ,  and 3200 H z ,  0.004-Inch  50%Ni-50%Fe 

Toroid,   Grain  Or iented, -55' C 
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f zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 400  Hz 
(a) B = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 kG/div 

H = 2.5 Oe/div 

f = 800 Hz zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
(b) E = 4 kG/div 

H = 2.5 Oe/div 

f = 1 6 0 0  Hz 
(c)  B = 4 kG/div 

H = 2.5 Oe/div 

f = 3200 Hz 
(d)  B = 4 kG/div 

H = 6.25 Oe/div 

F igure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 7 . - A C  Hysteres is  Loop, Square Wave Exc i ta t i on ,  400 ,  
800,  1 6 0 0 ,  and 3200 Hz, 0.004-Inch  50%Ni-50%Fe 

Toroid,  Grain  Oriented, Room Ambient 
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f =  
B =  
H =  

f =  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
B =  
H =  

f =  
B =  
H =  

f =  
B =  
H =  

400 Hz 
5 kG/div 

1 0 0  Oe/div zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
800  Hz 

5 kG/div 
100 Oe/div 

1600 Hz 
5 kG/div 

1 0 0  Oe/div 

3200 Hz 
5 kG/div 

1 0 0  Oe/div 

Figure 28.- AC Hysteres is  Loop, Square Wave Exc i ta t ion ,  400 ,  
800,  1600 ,  and 3200 Hz, 0.004-Inch 50%Ni-50%Fe 

Toroid,   Grain  Or iented, 250° C 
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f zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 400 H z  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
(a) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAB = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 kG/div 

H = 2.5 Oe/div 

f = 800 H z  
(b) B = 4 kG/div 

H = 2.5 Oe/div 

f = 1600 Hz 
(c)  B = 4 kG/div 

H = 2.5 Oe/div 

f = 3200 Hz 
(d)  B = 4 kG/div 

H = 2.5 Oe/div 

Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 9 -  - AC Hysteres is  Loop, Square Wave Exc i ta t i on ,  400, 
800, 1600, and 3200 H z ,  0.002-Inch  50%Ni-50%Fe 

Toroid, Grain Oriented,  -55= c 
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f 
B zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
H zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA400 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

4 
2.5 

Hz 
kG/div 
Oe/div 

f zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 800 Hz 
(b) B = 4 kG/div 

H = 2.5 Oe/div 

f = 1600 H Z  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
(c)  B = 4 kG/div 

H = 2.5 Oe/div 

f = 3200 Hz 
(d)  B = 4 kG/div 

H = 2.5 Oe/div 

Figure 30. - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAC Hysteres is  Loop, Square Wave Exc i ta t ion ,  400,  
800,  1 6 0 0 ,  and 3200 Hz, 0.002-Inch  50%Ni-50%Fe 

Toroid,   Grain  Or iented, Room Ambient 
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f zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 400 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAHz 
B = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 kG/div 
H = 1 0 0  Oe/div 

f = 800  H Z  
B = 4 kG/div 
H = 1 0 0  Oe/div 

f 
B 
H 

f 
B 
H 

1 6 0 0  Hz 
4 kG/div 

1 0 0  Oe/div 

3200 Hz 
4 kG/div 

1 0 0  Oe/div 

F igure 31. - AC Hysteres is  Loop, Square Wave Exc i ta t i on ,  4 0 0 ,  
8 0 0 ,   1 6 0 0 ,  and 3200 Hz, 0.002-Inch  50%Ni-50%Fe 

Toroid,  Grain  Oriented, 250° C zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Figure 32. - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACCFR Properties, 0.004-Inch SO%Ni-SO%Fe 
Toroid,  Grain  Oriented, Room Ambient 
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Figure 3 3 .  - CCFR Properties,  0.002-Inch  50%Ni-50%Fe 

Toroid,   Grain  Or iented, Room Ambient 
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2 8  b zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Figure 34. - DC Magnetization, 0.004- and 0.002-Inch 49%Co-2&V- 
49%Fe  Toroid,  Magnetic  Field  Annealed 
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B zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 5 kG/div 

H = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA20 Oe/div 

T = -55O C 

B = 1 0  kG/div 

H = 20 Oe/div 

T = Room Ambient 

B = 5 kG/div 

H = 20 Oe/div 

T = 250° C 

Figure 35.- DC Hysteresis Loop, 0.002-Inch 49%Co-2%V-49%Fe 
Toroid,  Magnetic  Field  Annealed 
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Figure 36. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- P Total  Core Loss vs Induction and Frequency, 

0.004-Inch 49%Co-2%V-49%Fe  Rowland Ring, Magnetic 
Field  Annealed 

C ?  sq, 
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Figure 37. - sq, 
Total  Core zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBALoss vs Induction and Frequency, 

0.002-Inch 49%Co-2%V-49%Fe  Toroid,  Magnetic  Field 
Annealed 
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Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 8 .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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0.002-Inch Toroid, Magnetic Field Annealed 
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f zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 400 Hz 
(a) B = 5 kG/div 

H = 10 Oe/div 

f = 800 Hz 
(b) B = 5 kG/div 

H = 10 Oe/div 

f = 1600 Hz 
(c) B = 5 kG/div 

H = 10 Oe/div 

f = 3200 HZ 
(d) B = 5 kG/div 

H = 10 Oe/div 

Figure  40.-AC  Hysteresis Loop, Square  Wave  Excitation, 400, 
800, 1600, and 3200 Hz, 0.004-Inch 49%Co-2%V-49%Fe 

Rowland Ring, Magnetic  Field  Annealed, -55' C 
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f zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA400 Hz 
(a) B = 5 kG/div 

H = 5 Oe/div 

f = 800 Hz 
(b) B = 5 kG/div 

H = 5 Oe/div 

f = 1600 Hz zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
( c )  B = 5 kG/div zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

H =  5 Oe/div 

f = 3200 Hz 
(d)  B = 5 kG/div 

H = 1 0  Oe/div 

Figure 41. - AC Hysteres is  Loop, Square Wave Exc i ta t i on ,  4 0 0 ,  
800,  1600, and 3200 Hz, 0.004-Inch 49%Co-2%V-49%Fe 
Rowland Ring,  Magnetic  Field  Annealed, Room Ambient 
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f =  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
B =  
H =  

f =  
B =  
H =  

f =  
B =  
H =  

f =  
B =  
H zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= .  

400 
5 

10 

800 
5 

10 

Hz 
kG/div 
Oe/div 

Hz 
kG/div 
Oe/div 

1600 Hz 
5 kG/div 

10 Oe/div 

3200 Hz 
5 kG/div 

10 Oe/div 

Figure 42. - AC Hysteresis Loop, Square  Wave  Excitation, 400, 
800, 1600, and 3200 Hz, 0.004-Inch 49%Co-2%V-49%Fe 

Rowland Ring, Magnetic  Field  Annealed, 250° C 
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f =  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
B =  
H =  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
€ =  
B =  
FI = 

f =  
B =  
H =  

f =  
B =  
H =  

400 Hz 
5 kG/div 
5 Oe/div 

800 Hz 
5 kG/div 
5 Oe/div 

1600 
5 
5 

3200 
5 
5 

Hz 
kG/div 
Oe/div 

Hz 
kG/div 
Oe/div 

F igure 43. - AC Hys te res i s  Loop, Square Wave Exc i ta t i on ,  400 ,  
800,  1600, and 3200 Hz, 0.002-Inch  49%Co-2%V-49%Fe 

Toroid,  Magnetic  Field  Annealed, -55O C 
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f zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 400 Hz zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
(a) €3 = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 kG/div 

H = 5 Oe/div 

f = 800 Hz 
(b) B = 5 kG/div 

H = 5 Oe/div 

f = 1600 Hz 
(c) B = 5 kG/div 

H =  5 Oe/div 

f = 3200 Hz 
(d) B = 5 kG/div 

H =  5 Oe/div 

Figure 44. - AC Hysteresis Loop, Square Wave Excitation, 400, 
800,  1600, and 3200 Hz, 0.002-Inch 49%Co-2%V-49%Fe 

Toroid,  Magnetic Field  Annealed, Room Ambient 
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f zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 400 Hz 
(a) B = 5 kG/div 

H = 1 0  Oe/div zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
f = 800 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAHz 

(b) B = 5 kG/div 
H = 1 0  Oe/div 

f = 1600 Hz 
(c) B = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 kG/div 

H = 1 0  Oe/div 

f = 3200 Hz 
(d)  B = 5 kG/div 

H = 1 0  Oe/div 

Figure 45. - AC Hysteres is  Loop, Square Wave Exc i ta t i on ,  . 4 0 0 ,  
800, 1600, and 3200 Hz, 0.002-Inch 49%Co-2%V-49%Fe 

Toroid,  Magnetic  Field  Annealed, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA250° C 
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The AT and DAT values of both  the  laminated  r ing  and  the  toro id  
inc rease  w i th   f requency   re f lec t ing   the  fact  t ha t   t he   magne t i za t i on  
loop  widens  with  increased  frequency.  Another  consequence of t h i s  
i nc rease   i n   l oop   w id th  is  a drop i n   g a i n  which  shows a d e c r e a s e   i n  
t h e   t o r o i d   f r o m   1 . 7 ~ 1 0 5  t o  0.94~105  and from 1 . 7 5 ~ 1 0 5  t o  0 . 3 ~ 1 0 5  
i n   t h e   l a m i n a t e d  r ing .  The SAT and Br values show some varia- 

t i o n s  wi th   f requency :   in   the   to ro id ,  SAT increased  from  20.65 kG 
a t  400 Hz t o  21.12 kG a t  3200 Hz, and Br f r o m  19.86 t o  20 .64  kG. 

A s  expected,  both SAT and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBABr are cons ide rab ly   h ighe r   i n   t he   t o ro id  

than   i n   t he   l am ina ted   r i ng  core. The loop  rec tangu lar i t y   o f   the  
t o r o i d  i s  high  which i s  r e f l e c t e d   i n  a high T value,  0.98,  of 
t h i s  material. This  value  compares  favorably  with a zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAT value 
of 0.94  f o r   t he   l am ina ted   r i ng .  

S ing ly   Gra in   Or ien ted   S i l i con   S tee l .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- Two tape   th icknesses  
were evaluated:  0.002-inch  and  0.004-inch. 

DC Magnetization  Curves: DC magnet izat ion curves f o r  both 
gauges a t  -55" C ,  room'ambient,  and  250" C are shown i n   f i g u r e  48. 
Both  th icknesses  respond  to a change i n   t e m p e r a t u r e   i n   t h e  con- 
vent iona l  manner. The 0.004-inch-tape  toroid is  somewhat super io r  
i n   dc   magne t i c   p roper t i es  t o  the  0.002-inch-tape  toroid. 

DC Hysteres is  Loops: The dc   hys te res i s   l oops  fo r  t h e  0.002- 
i nch   th ickness  a t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA-55O C ,  room ambient,  and  250° C are shown on 
f i g u r e  49. The loops   d isp lay   cons iderab le   rec tangu lar i t y   and no 
d i s t o r t i o n .  

AC Core Loss Curves: AC core loss curves  for   both  gauges 
and  temperatures  of  -55" C,  room ambient,  and  250" C are shown 
i n   f i g u r e s  50 and 51 t h a t   d i s p l a y   l o s s e s  a t  400 t o  3200 Hz. 
There i s  only a small i n c r e a s e   i n  core loss as the  tape  gauge 
i s  increased  f rom  0.002- inch  to  0.004- inch;  for   instance, a t  
15 kG and room temperature  the core loss amounted t o  6.8 watts/ 
pound  and  7.5  watts/pound  for 0.002- and  0.004-inch  tapes, 
respec t ive ly .  

AC Apparent  Power  Curves: AC apparent  power  curves f o r  both 
gauges are shown on  f igures  52 and  53 t h a t   d i s p l a y   e x c i t i n g   v o l t -  
amperes a t  -55" C ,  room ambient,  and  250° C f o r  400 t o  3200 Hz. 
The volt-ampere  values are similar i n   bo th   gauges ;   f o r   i ns tance ,  
a t  15 kG and room temperature,   the  apparent power  amounted t o  
7.9 and  8.2  volt-amperes/pound f o r  0.002- and  0.004-inch  tapes, 
respec t ive ly .  

AC Hysteres is  Loops: AC h y s t e r e s i s  loops for   both  gauges 
a t  -55' C,  room ambient,  and  250° C a r e  shown on f i g u r e s  54 
through 59 f o r  400 t o  3200 Hz. A l l  of the  loops  widened  wi th 
increasing  f requency  and showed  no d i s t o r t i o n .  
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CCFR Proper t ies :  The CCFR p r o p e r t i e s  fo r  both  gauges are 
shown on  f igures  60 and 61. I n  comparing  the two tape  th icknesses ,  
t h e  0.004-inch material disp layed a h igher  400  Hz  SAT value,  16.05 
versus zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA15.1 kG f o r  the  0.002-inch material, as w e l l  as a h igher  
400 H z  Br value,  15.68  versus  14.83 kG for the  0.002- inch  mater ia l .  

However, as the  f requency  increases  both  gauges  approach a t  3200 
Hz t h e  same level for  both  proper t ies,   15.2 kG f o r  SAT and 1 4 . 9  
kG fo r  B;. The d i f fe rence  in   magnet ic   qua l i t y   be tween  these two 
gauges i s  probably  based  on  the  greater  degree  of  cube-on-edge 
texture  per fect ion  o f   the  0 .004- inch material. There are only 
s l igh t   d i f fe rences   be tween  these t w o  gauges i n   t h e   o t h e r  CCFR 
p roper t i es .  The T va lue  fo r  both  gauges i s  0.98. 

Doubly Gra in   Or ien ted   S i l i con   S tee l .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBATwo d i f f e r e n t  core 
geometries Ve-re- eva lua ted :   to ro ids  wound from  0.002-inch  tape 
and cores assembled  from  0.006-inch  double window (DW) punched 
laminations.  Both  geometries w e r e  e v a l u a t e d   i n   t h e  stress r e l i e f  
annealed (SRA) and  magnet ic  f ie ld  annealed (MFA) condi t ion.  

DC Magnetization  Curves: DC magnet izat ion  curves  for   both 
geometries and  annealing  treatments a t  -55' C,  room ambient, 
and 250' C are shown i n   f i g u r e s  6 2  and  63. 

The dc   curves   fo r   the   0 .002- inch   to ro ids   bo th  SRA ( f i g u r e  62)  
and MFA ( f igure  63)  show the  usual   pat tern  o f   change  wi th  t e m -  
pera ture .   For   ins tance,   in   f igure   63 ,   the   curves  show a t  -55' C 
as compared t o  250' C a decrease  in   permeabi l i ty   between 0 . 1  
oersted  and 1 . 0  o e r s t e d ,   b u t  an i n c r e a s e   i n   p e r m e a b i l i t y   f o r   t h e  
f i e l d s  above 1 . 0  oers ted .  The f l u x   d e n s i t y  a t  1 0  o e r s t e d s  is 
18.4 kG f o r  -55' C and 1 8 . 0  kG f o r   t h e  room ambient  curve. A t  
1 0 0  oers teds ,   t he   co r respond ing   f l ux   dens i t y   va lues   a re   19 .5  
and 1 9  kG. A t  250' C t h e   p a t t e r n  i s  reversed;   there  i s  an  in- 
crease in   permeabi l i ty   between 0 . 1  oersted  and 1 . 0  oers ted  and 
a decrease  in   permeabi l i ty   above 1 . 0  oers ted .  

DC Hysteresis  Loops: The dc  hysteres is   loops  for   0 .002- inch 
t o r o i d s   a t  -55' C ,  room ambient,  and 250' C are shown i n   f i g u r e s  
64  and  65.  Both t h e  SRA ( f i g u r e  6 4 )  and  the MFA ( f i g u r e  65)  dis- 
p lay   rec tangu lar   loops   w i thout   d is to r t ion .  

AC Core Loss Curves: AC core loss curves  for   both  geometr ies 
and  anneal ing  t reatments a t  -55' C ,  room ambient,  and 250' C are 
shown i n   f i g u r e  66,  67,  68,  and 69,  t h a t   d i s p l a y  losses a t  400 t o  
3200 Hz. 

The core  loss va lues   o f   t he  MFA ( f i g u r e s  68 and 6 9 )  material 
are e i t h e r   i d e n t i c a l  or  s i m i l a r  t o  those of t h e  SRA ( f i g u r e s  66 
and 67)  material. A t  -55' C, t h e  core loss o f   t h e  MFA material 
i s  somewhat higher  and a t  250' C somewhat lower t han   t ha t   o f   t he  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
SRA t o ro ids .  
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Figure 49.- DC Hysteresis Loop, 0.002-Inch Singly  Grain  Oriented 
Silicon  Steel  Toroid 
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f =  
B =  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Figure 54. - AC Hysteres is  Loop, Square Wave Exc i ta t i on ,  4 0 0 ,  
800, 1600, and 3200 Hz, 0.004-Inch  Singly Grain 

Or ien ted   S i l i con  Steel  Toroid, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- 5 5 O  C 
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f zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA400 HZ 
(a) B = 5 kG/div 

H = 25 Oe/div 

f = 800 Hz 
(b) B = 5 kG/div 

H = 2 5  Oe/div 

i 
f = 1 6 0 0  H z  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

( c )  B = 5 kG/div 
H = 25 Oe/div 

f = 3200 Hz 
(d)  B = 5 kG/div 

H = 62.5 Oe/div 

1 

Figure 55. - AC Hysteresis Loop, Square Wave Exc i ta t i on ,  4 0 0 ,  
800, 1600, and 3200 H z ,  0.004-Inch  Singly  Grain 
Or ien ted   S i l i con  Steel Toroid, Room Ambient zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Figure 56.  - AC Hysteresis Loop, Square Wave Exc i ta t i on ,  4 0 0 ,  
800,  1 6 0 0 ,  and 3200 Hz, 0.004-Inch Singly  Grain 

Or ien ted   S i l i con   S tee l   Toro id ,  250° C 
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f zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA400 Hz 
(a) B = 50 kG/div 

H = 1 0 0  Oe/div 

f = 800 Hz 
(b) B = 50 kG/div 

H = 100 Oe/div 

f = 1600 Hz zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
(c)  B = 5 kG/div 

H = 1 0 0  Oe/div 

f = 3200 Hz 
(d) B = 5 kG/div 

H = 1 0 0  Oe/div 

Figure 57. - AC Hysteres is  Loop, Square Wave Exc i ta t i on ,  400, 
800, 1600, and 3200 Hz, 0.002-Inch  Singly  Grain 

Or ien ted   S i l i con  Steel, -55O C 
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Figure 58. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- AC Hysteres is  Loop, Square Wave Exc i ta t i on ,  400 ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
8 0 0 ,  1 6 0 0 ,  and 3200 H z ,  0.002-Inch  Singly  Grain 

Or ien ted   S i l i con  Steel, Room Ambient 
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f zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 400 Hz 
B = 5 kG/div 
H = 100 Oe/div zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
f = 800 H z  
B = 5 kG/div zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
11 = 100 Oe/div 

f = 1 6 0 0  HZ 
B =  5 kG/div 
H = 100 Oe/div zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
f = 3200 HZ 
B =  5 kG/div 
H = 100 Oe/div 

Figure 59.- AC Hysteresis Loop, Square  Wave  Excitation, 400, 
800, 1600, and 3200 H z ,  0.002-Inch Singly  Grain 

Oriented  Silicon  Steel, 250° C 
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Figure 64.- DC Hysteresis Loop, 0.002-Inch Doubly Grain  Oriented 
Silicon  Steel  Toroid,  Stress  Relief  Annealed 
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Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6 5 . - D C  Hysteresis Loop, 0.002-Inch zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBADoubly Grain  Oriented 
Silicon  Steel,  Magnetic  Field  Annealed 
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The 400 Hz core loss values  o f   the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASRA t o r o i d  are zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 . 8  w a t t s /  
pound  and about 7 watts/pound  for  1 0  and 1 5  kG, respec t i ve l y .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAn 
i nc rease   i n   t empera tu re  lowers t h e  core loss. The core loss 
f o l l ows   t he   t yp i ca l   change   i n   pa t te rn  as the  temperature is  in-  
c r e a s e d   t o  250° C o r   d e c r e a s e d   t o  -55O C. 

As compared  with  the  core loss va lue   o f   s inuso ida l l y   exc i ted  
t o r o i d s , 2   t h e  core loss of  square-wave  exci ted  toroids is  lower 
a t  f requencies  of  1600  and 3200 Hz. Th is   d i f f e rence   i nc reased  
with  increasing  f requency. 

Double window cores  fo l low  the  usual   pat tern  of   change  wi th 
temperature. The dc  magnet ic   proper t ies  o f   the  cores  are  in-  
f e r i o r   t o   t h o s e  of t he   t o ro ids ,   t hus   re f l ec t i ng   t he   p resence  
a t   t h e  window corners   o f   the  less favorab le   d i rec t ion   o f  mag- 
n e t i z a t i o n  (cube face   d iagona l )   in   the   the   p lane  o f   doub le  win- 
dow laminat ions.  The MFA ( f i g u r e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6 3 )  as compared t o   t h e  SRA 
( f i g u r e  6 2 )  brought  about  only a s l i g h t  improvement i n  t h e  dc 
magnet ic  propert ies  of   the  double window core.  

AC Apparent Power Curves: AC apparent  power curves  for   both 
geometries  and  annealing treatments are shown on  f igures  70,  71,  
7 2 ,  and  73, t ha t   d i sp lay   apparen t  power a t  -55O C,  room ambient, 
and  250° C f o r  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA400  t o  3200 Hz. The same r e l a t i v e   p a t t e r n  ob- 
se rved   f o r   co re  loss a p p l i e s  t o  t h e  apparent  power ( e x c i t i n g  VA) 
values up t o  f l u x   d e n s i t i e s   o f  1 5  kG. Above t h i s   i n d u c t i o n   l e v e l ,  
t h e   e x c i t i n g  VA v a l u e s   i n c r e a s e   a t  a c o n s i d e r a b l y   s t e e p e r   r a t e   a t  
both room ambient  and  250° C a s  compared t o  -55O C. A t  250° C, 
however,  there i s  a cons ide rab le   i nc rease   i n   exc i t i ng  VA values 
a t   a l l   i n d u c t i o n s   t e s t e d ,   e s p e c i a l l y  a t  those  o f  15  kG and  above. 

AC Hysteresis  Loops: AC hysteres is   loops  for   both  geometr ies 
a t  -55O C ,  room ambient, and  250° C f o r  400 to  3200 Hz a r e  shown 
i n   f i g u r e s  80 through 85 f o r  SRA and  f igures 74 through 79 f o r  
SRA and f i g u r e s  80 through 85 f o r  MFA. The l o o p s   a r e   p r a c t i c a l l y  
t h e  same f o r   d i f f e ren t   annea l i ng   t rea tmen ts .  A l l  l oops   a re  rec- 
tangular   but   the  double window cores   d isp lay  a lower  induct ion 
f o r   t h e  same d r i v e  compared t o   t h e   t o r o i d s .  The double window 
co res   a l so  show a somewhat wider  loop. 

CCFR Proper t i es :  The CCFR propert ies  of  both  geometries  and 
anneal ing  t reatments  are shown on f i g u r e s  86 through 89 f o r  400 
to  3200 Hz. 

I n   t h e  CCFR proper t ies   o f   the  SRA m a t e r i a l   t h e  T value 
s tayed  fa i r ly   constant   over   the  f requency  range  amount ing  to  
0.897 t o  0.929.  A s l i g h t   i n c r e a s e  i n  Br and SAT with  frequency 

took  p lace;   the Br values were 14.6 and  14.95 kG f o r  4 0 0  and 3200 

Hz respect ively,   and  correspondingly  16.3  and 16.4 kG f o r  SAT. I n  
. t h e  same f requency  range,   the  ga in  decreased  f rom  0.75~105  to  
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0 . 4 7 ~ 1 0 ~ .  Both AT and DAT va lues   inc reased  w i th   an   inc rease  in  
frequency; AT from  0.38 o e r s t e d s   f o r  400 Hz t o  0.6 o e r s t e d s   f o r  
3200 Hz; and DAT, correspondingly,  from 0.15 t o  0.25 oers teds .  

The MFA grade,  as compared t o   t h e  SRA grade,  shows  an inc rease 
i n   t h e  T v a l u e   t o  0.97. This   proper ty   remains  a lmost   constant  
over the  f requency  range  appl ied.  The SAT value  o f   the MFA grade 
was 16.57 kG a t  400 Hz; it i n c r e a s e s   t o  16.73 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAkG a t  3200 Hz. Both 
the  AT and DAT va lues  w e r e  lower  than  those  of  the SFtA grade,   bu t  
t h e i r  rate of  increase  wi th  f requency was about   the  same. The AT 
value  increases  f rom  0.5  oersted a t  400 Hz t o  0.8 oe rs ted  a t  3200 
Hz, and  the DAT value  from 0.06 t o  0.14 o e r s t e d   f o r   t h e  same f r e -  
quency  range. The Br va lue   o f   th is   g rade,   16 .15  kG, was consider-  

ab ly   h igher   than  tha t   o f   the  SRa grade,  and it shows  a s l i g h t  
i n c r e a s e  t o  16.3 kG as   the   f requency  i s  i n c r e a s e d   t o  3200 Hz. 
The ga in   o f   t h i s   g rade  was twice t h a t   o f   t h e  SRA grade; it amounted 
t o   1 . 6 5 ~ 1 0 5   a t  400 Hz and  decreased  to   0 .85~105 a t  3200 Hz. 

Degradation  Testing. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- Degradation tests included  dc  magneti- 
za t i on  and core  loss , de te rm ina t ion   a f te r   each   s tep   i n  a sequence 
of p o t e n t i a l l y  damaging ac t i ons   t o   t he   co re   such   as   co re   w ind ing ,  
bonding,  dip-and-bake  or  f luidizing and co re   cu t t i ng .  The r e s u l t s  
ob ta ined  a re  shown i n  f i g u r e s  90 through 1 0 1 .  The cond i t ions  
generated by core  boxing,  bonding,  and  dipping-and-baking w e r e  
used  on DGO S i  Steel double-window cores  SRA ( f i g u r e s  90 and 9 1 )  
o r  MFA ( f i g u r e s  92 and  93). The bonding as w e l l  as  the  dip-and- 
bake  operation  decrease  dc  permeabil i ty  below 1 0  o e r s t e d s ,  es- 
p e c i a l l y   i n   t h e  MFA double-window  core  of DGO S i  steel. In   core  
loss tests, t h i s   h a r m f u l   e f f e c t  i s  a l ready   apparent   a t   induc t ions  
above 1 0  k G  f o r  400  Hz and  above 5 k G  f o r  3200 Hz. 

I n  add i t i on  a f ive-s tep  degradat ion  schedule (wound wi thout  
protect ion,   in  core  box,   as  bonded,  as  cut ,   as  d ip-and-bake) was 
a p p l i e d   t o  SGO S i  Stee l   square  tape-wound co re   ( f i gu res  9 4  and  95) 
and SHL 4Mo-79NiFe square tape-wound co re   ( f i gu res  9 6  and 9 7 ) ;  
whereas a three-step  degradat ion  schedule (wound without  protec- 
t i o n  i n  core-box, as f lu id ize-coated)  was a p p l i e d   t o  GO 5ONiFe 
to ro id   ( f i gu res  98 and 9 9 )  and MFA 2V-CoFe to ro id   ( f i gu res  1 0 0  
and 1 0 1 ) .  I n   t he   f i ve -s tep   ope ra t i on ,   t he   co re   cu t t i ng  showed 
the  maximum damaging e f f e c t  on t h e  dc  proper t ies  o f   both SGO 
S i l i c o n  Steel and SHL 4Mo-79NiFe cores.  The subsequent  dip-and- 
bake  opera t ion   b rought   about   s l igh t   add i t iona l  damaging of the  dc 
p r o p e r t i e s .  By comparison  the  changes  induced by core  winding, 
boxing  and  bonding were minor i n   t h e  GO 50NiFe t o r o i d   b u t  some- 
what  more  pronounced i n  SHL 4Mo-79NiFe. The f i v e   s t e p s  had  con- 
s ide rab ly  less e f f e c t  on  core loss than on the   dc   p roper t i es ,  
a l though  the   t rend w a s  genera l l y   t he  same. F lu id ized   coa t ing  
br ings  about  a decrease  of  5 t o  50% i n   d c   p e r m e a b i l i t y   a t   f i e l d s  
be low  one  oersted  in  GO 5ONiFe t o r o i d s   ( f i g u r e  98)  and  of 5 t o  
15% over a wide f i e l d   r a n g e   i n   t h e  MFA 2V-CoFe t o r o i d   ( f i g u r e  1001, 
but   has  on ly  a minor e f f e c t  on the   co re  loss of   bo th   mater ia ls  
( f i g u r e s  99 and 100) .  
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Figure 72.  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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f zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Figure 74.  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- AC Hysteres is  Loop, Square Wave Exc i ta t ion ,  400 ,  
800 ,  1 6 0 0 ,  and 3200 Hz, 0.002-Inch Doubly Grain 
Or ien ted   S i l i con  Steel Toroid, Stress Relief An- 

nealed,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- 5 5 O  C 
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f zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 400 
B =  4 
H = 25 
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Figure 75. - AC  Hysteresis Loop, Square  Wave  Excitation, 400, 
800, 1600,  and  3200  Hz, 0.002-Inch zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBADoubly Grain 
Oriented  Silicon  Steel  Toroid, Stress Relief 

Annealed, Room Ambient 
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f zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 400 Hz zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
(a) B = 5 kG/div 

H = 1 0 0  Oe/div zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
f = 800 Hz 

(b) B = 5 kG/div 
H = 1 0 0  Oe/div 

f = 1600 Hz 
(c)  B = 5 kG/div 

H = 1 0 0  Oe/div 

f = 3200 Hz 
(d) B = 5 kG/div 

H = 1 0 0  Oe/div 

Figure 76.  - AC Hysteres is  LOOP, Square Wave Exc i ta t ion ,  400, 
800 ,  1600, and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 2 0 0  Hz, 0.002-Inch Doubly Grain 
Or ien ted   S i l i con   S tee l  Toro id ,   S t ress  Relief 

Annealed, 250' C 
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f zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 400  Hz 
B = 5 kG/div 
H = 1 0 0  Oe/div 

f = 800 Hz 
B = 5 kG/div 
H = 1 0 0  Oe/div 
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Figure 77. - AC Hysteres is  Loop, Square Wave Exc i ta t i on ,  4 0 0 ,  
800,  1 6 0 0 ,  and 3200 Hz, 0.006-Inch Doubly Grain 
Or ien ted   S i l i con   S tee l   Toro id ,  Double Window 

Stress Relief  Annealed, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA-55O C 
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Figure 78. - AC Hysteres is  Loop, Square Wave Exc i ta t ion ,  400 ,  
800 ,  1 6 0 0 ,  and 3200 Hz, 0.006-Inch  Doubly  Grain 

Or ien ted   S i l i con  Steel Toroid, Double Window 
Stress Relief  Annealed, Room Ambient zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Figure 79. - AC Hysteres is  Loop, Square Wave Exc i ta t i on ,  400,;; 
800, 1 6 0 0 ,  and 3200 Hz, 0.006-Inch  Doubly  Grain 

Stress  Rel ief   Annealed, 250° C 
Or ien ted   S i l i con  Steel Toroid,  Double Window 
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f zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA400 Hz 
(a) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAB = 5 kG/div 

H = 1 0 0  Oe/div 

f = 800 Hz 
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Figure 80. - AC Hysteres is  Loop, Square Wave Exc i ta t i on ,  4 0 0 ,  
800 ,  1 6 0 0 ,  and 3200 Hz, 0.002-Inch  Doubly Grain 
Or ien ted   S i l i con  Steel Toroid,  Magnetic  Field 

Annealed, -55O C 
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f zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 400 Hz 
(a )  B = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 kG/div 

H = 25 Oe/div zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
f = 800 H z  

(b)  B = 4 kG/div . 

H = 25 Oe/div 

f = 1600 H z  
(c) B = 4 kG/div 

H = 62.5  Oe/div 

f = 3200 H z  
(d)  B = 4 kG/div 

H = 250 Oexdiv 

F igure 81. - AC Hysteres is  Loop, Square Wave Exc i ta t i on ,  4 0 0 ,  
800, 1600,  and 3200 Hz, 0.002-Inch  Doubly Gra in  
Or ien ted   S i l i con  Steel Toroid,  Magnetic  Field 

Annealed, Room Ambient 
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Figure 82. - AC Hysteres is  Loop, Square Wave Exc i ta t ion ,  4 0 0 ,  
8 0 0 ,  1600, and 3200 H z ,  0.002-Inch  Doubly  Grain 
Or ien ted   S i l i con  Steel Toroid,  Magnetic  Field 

Annealed, 250°  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAC 
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F igure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA83. - AC Hys te res i s  Loop, Square Wave Exc i ta t i on ,  400 ,  
800,  1 6 0 0 ,  and 3200 Hz, 0.006-Inch  Doubly  Grain 
Or ien ted   S i l i con   S tee l   To ro id ,  Double Window 

Magnetic  Field  Annealed, -55" C 
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f zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 400 Hz zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
(a) B = 4 kG/div 

H = 50 Oe/div 

f = 800 Hz 
(b) B = 4 kG/div 

H = 1 0 0  Oe/div 

f = 1600 Hz 
(c) B = 4 kG/div 

H = 1 0 0  Oe/div 

f = 3200 HZ 
(d) B = 4 kG/div 

H = 1 0 0  Oe/div 

Figure 8 4 .  - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAC Hysteres is  Loop, Square Wave Exc i ta t ion ,  4 0 0 ,  
800 ,  1 6 0 0 ,  and 3200 Hz, 0.006-Inch  Doubly Grain 
Or ien ted   S i l i con   S tee l   To ro id ,  Double Window 

Magnetic Field  Annealed, Room Ambient 
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f zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 400 Hz 
B = 5 kG/div 
H = 1 0 0  Oe/div 

f = 800 Hz 
B = 5 kG/div 
H = 1 0 0  Oe/div 

f = 1 6 0 0  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAHz 
B =  5 kG/div 
H = 100 Oe/div 

f = 3200 Hz 
B =  5 kG/div 
H = 1 0 0  Oe/div 

F igure 85. - AC Hysteres is  Loop, Square Wave Excitat ion, 400, 
800, 1 6 0 0 ,  and 3200 Hz, 0.006-Inch  Doubly Grain 
Or ien ted   S i l i con   S tee l   Toro id ,   Doub le  Window 

Magnetic Field Annealed, 250° C 
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Figure 86. - CCFR Propert ies,   0.002-Inch Doubly Grain 

Or ien ted   S i l i con  Steel, Double Window, 
Stress Relief  Annealed, Room Ambient 
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0.01 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Figure 90.  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Figure 91. - Degradation Test, P Total  Core Loss, 
c, sq, 

0.006-Inch  Doubly  Grain  Oriented  Sil icon 
Steel, Double Window, Stress Relief  Annealed, 
Core 2 ,  Room Ambient.  Processing  Variables: 
I n  Core BOX, As Bonded,  and  Dip  and  Bake 
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Figure 92.  - Degradation Test, DC Magnet izat ion,  0.006- 
Inch Doubly Gra in  Or iented  S i l icon Steel, 
Double Window, Magnetic Fie ld .  Annealed, 
Core 1, Room Ambient.  Processing  Variables: 
I n  C o r e  BOX, A s  Bonded, and  Dip  and Bake 
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Figure 93. - Degradation Test, P Total Core Loss, 
c, sq, 

0.006-Inch  Doubly  Grain  Oriented  Sil icon 
Steel ,   Double Window, Magnet ic  Field 
Annealed, C o r e  1, Room Ambient: Proces- 
s i n g  Variables: I n  Core Box, As Bonded, 

and  Dip  and  Bake 

I 



0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAs  Bonded 

0.01 0.1 1.0 10 100 1000 

MAGNETIZING  FORCE  (OERSTEDS) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Figure 94.  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- Degradation T e s t ,  DC Magnet izat ion,  0.006- 

Inch  S ing ly   Gra in  Or iented  S i l icon Steel, 
Square  Toroid,  Core 4 0 ,  Room Ambient. 
Processing  Var iables:   In  Core Box, A s  
Wound, As Bonded, A s  Cut  and  Dip  and Bake 

A In Core Box 

- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 0 0  Hz 

- - 3200 Hz 

0.01 0.1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1.0 10 100 1000 

CORE LOSS (WATTS PER POUND) 

Figure 95. - Degradation Test, P Total  Core Loss, 
c ,  sq, 

0.006-Inch  Singly  Grain  Oriented  Si l icon 
Steel, Square  Toroid,  Core 4 0 ,  Room Ambient. 
Processing  Var iables:   In  Core Box, A s  Wound, 
As Bonded, A s  Cut and  Dip  and Bake 
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12 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI I I 1 1 1 1 1  I I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI I l l l l  I I I 1 1 1 1 1 '  
- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 As Wound on 

lo - A I n  core BOX 

- 
Unprotected Core - 

n 

0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAs Bondei  

0.01 0.1 1.0 

fVIGPIETIZATI0fI FORCE (OERSTEDS) 

10 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Figure 96. - Degradation  Test,  DC  Magnetization,  0.004- 

Inch  4%Mo-79%Ni-l7%Fe  Toroid,  Square Loop, 
Core 39, Room Ambient.  Processing  Vari- 
ables: In Core  Box, As Bonded, As cut, 

and  Dip  and  Bake 

Figure  97. - 
CORE LOSS (WATTS PER  POUND) 

Degradation  Test, Total  Core Loss, 

0.004-Inch  4%Mo-79%Ni-l7%Fe Toroid,  Square 
Loop, Core 39, Room Ambient.  Processing 
Variables: In Core  Box, As Bonded, As Cut, 

and  Dip  and  Bake 

sq, 
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MAGNETIZATION  FORCE  (OERSTEDS) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Figure 98. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- Degradation T e s t ,  DC Magnetization, 0.004- 

Inch  50%Ni-50%Fe  Toroid, Grain Oriented, 
Core 100,  Room Ambient.  Processing 
Var iab les :   In  Core Box, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAs Wound, and 

Fluidize  Coated 

CORE LOSS (WATTS  PER  POUND) 

Figure 99. - Degradation Test, P Total  Core Loss, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
c ,  sq, 

0.004-Inch  50%Ni-50%Fe  Toroid,  Grain 
Oriented, Core 100,  Room Ambient  Pro- 
cess ing  Var iab les:  I n  Core Box, A s  Wound, 

and  Fluidize  Coated 
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2 8  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I I 1111111 I I Illlrn I 1 1 1 1 1 1 1 1  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 1 1 1 1 1 1 1 1  I IIIIII zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

As zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAPlound zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAon 

I n  Core BOX 

Fluidize Coated 9 

Unprotected Core 

0.01 10 100 1000 

tVLGNETIZING FORCE (OERSTEDS) 

,Figure 100. - Degradation  Test, DC Magnetization, 0.004- 
Inch 49%Co-2%V-49%Fe  Toroid, Magnetic  Field 
Annealed,  Core 101, Room Ambient,  Processing 
Variables: In  Core Box, As Wound,  and 

Fluidize  Coated 

CORE LOSS (WATTS PER POUND) 

Figure 101. - Degradation  Test, 
sq, 

Total  Core Loss, 

0.004-Inch 49%Co-2%V-49%Fe  Toroid, Magnetic 
Field  Annealed,  Core 101, Room Ambient 
Processing Variables: In Core Box, As 

Wound and Fluidize  Coated 
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- ----------, 

Vacuum Exposure Testing. - The effects of exposure to a vacuum 
of 10-6 torr for 500 and 1,000 hours at 2500 C were evaluated in 
terms of: changes in core weight; changes in core loss; changes 
in interlaminar resistance; and changes in weight of interlaminar 
coating. 

Weight Changes in Bonded Cores: The changes in weight of 
bonded cores (including windings) as a result of exposure are 
shown on table II for samples of SGO Si steel, DGO Si steel, and 
SHL 4Mo-79NiFe. The results show that there is practically no 
change in core weight for all the samples exposed to prolonged 
vacuum exposure at 2500 C. 

Core Loss Changes in Bonded Cores: The changes in total core 
loss as a result of exposure are shown on table III for samples 
of SGO Si steel, DGO Si steel and SHL 4Mo-79NiFe. The core bond-
ing and subsequent vacuum exposure brought about an increase in 
core loss at high inductions of DGO Si steel MFA double window 
cores, resulting probably from partial loss of the magnetic 
annealing effect after prolonged exposure at 2500 C. The core 
loss increase in SRA double window cores of DGO Si steel after 
1000 hours exposure is unexplainable. 

Core Loss Changes in Cores Not Bonded: The changes in total 
core loss of cores clamped but not bonded during exposure are 
shown on table IV for SHL 4Mo-79NiFe, GO 50NiFe, MFA 2V-CoFe, 
SGO Si steel, and DGO si steel. The exposure produced only minor 
changes in core loss of SHL 4Mo-79NiFe and GO SONiFe but larger 
core loss changes were observed in SGO si steel and DGO si steel. 

Prolonged annealing at 2500 C brought about a 10% decrease 
in core loss of DGO Si steel rings, SRA indicating the beneficial 
effect of aging on this material. 

The core loss behavior of SGO Si steel appears to reflect 
the original core quality. The 0.006-inch rings displayed a 
decrease with prolonged exposure at 2500 C and those of 0.004-
inch rings an increase. 

The rings of MFA 2V-CoFe display a decrease in core loss at 
both induction levels, more so in the 0.004-inch sample; this 
behavior may be due to a decrease in the effects of magnetic 
annealing with 2500 C exposure. 

Changes in Interlaminar Coatings: The changes in interlaminar 
resistance and weight observed on circular blanks as a result of 
exposure are shown on table V for SHL 4Mo-79NiFe, GO 50NiFe, MFA 
2V-CoFe, SGO Si steel, and DGO Si steel. Changes in interlaminar 
insulation resistance were observed only on ~1FA 2V-CoFe and GO 
50NiFe samples. The slight weight changes observed are not sig-
nificant. 
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T a b l e  11. Weight of Cores, Plus  Winding,  Before  and  After Vacuum 
Exposure, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAloM6 Torr, 250° C of  Samples  of  Singly  Grain 
Or ien ted   S i l i con   S tee l ,  Vendor N o .  1; Square  Hysteresis 

Loop,  4%Mo-79%Ni-l7%Fe,  Vendor N o .  1; Doubly Grain 
Or ien ted   S i l i con   S tee l  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Platerial zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
-~ 

Oriented Silicon Steel, 
0.004-inch Singly Grain 

Vendor No. 1, MgO Inter- 
laminar  Insulation 

Hysteresis Loop, 
0.004-Inch Square 

4%110-79%PJi-l7%Fe 
Vendor No. 1, MgO 
Interlaminar  Insulation 

0.006-inch Doubly Grain 
Oriented Silicon Steel 

Aluminum orthophosphate 
(magnetic field  annealed) 

Interlaminar Insulation 

0.006-inch Doubly Grain 
Oriented Silicon Steel 

Aluminum orthophosphate 
(stress  relief  annealed) 

Interlaminar Insulation 

- . .. . . ~ 

~~ 
~~ 

Core Type 

Square 
Toroid 

Square 
Toroid 

Double 
Window 

Double 
Window 

Discuss ion  

___. " 

Core 
Number 

70 

71 

7 2  

73 

657.9 

927.3 

636.9 

650.0 

eight of Core and Windings . - - - - - - 
After 500 hrs After 1000 hrs 

at 10-6 Vacuum T K  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof at Vacuum Torr of & 

250' C 250° C 
(9)  

655.65 

925.5 

635.0 

640.45 

655.1 

925.0 

635.0 

648.45 

o f  T e s t   R e s u l t s  

E f f e c t  of Wave Form. - Schenk  and Young' have shown t h a t  
changing  the  exc i ta t ion wave form  from s i n e  t o   s q u a r e   b r i n g s  
about up t o  19% reduc t i on   i n   co re  loss. Favorable  condi t ions 
inc lude a high  eddy-current  content  and a h igh ly   g ra in -or ien ted  
s t ruc tu re .   Th is  model app l i ed   p robab ly   t o   a l l   o f  t he  materials 
t e s t e d   i n   t h i s  program  but  comparable  data are ava i l ab le   on l y  on 
DGO S i  steel2 and MFA 2V-CoFe cores.  

I n  DGO S i  steel, both SFW and MFA, t h e   t o t a l   c o r e  loss of 
square-wave  and  sine-wave  excited  samples i s  e s s e n t i a l l y  the 
same a t  400 Hz. A s  the  f requency  increases  toward 3200 Hz, t h e  
square-wave  excited  samples  display a less r a p i d   i n c r e a s e   i n  
core  loss than  the  s ine-wave  exci ted  samples,   and a t  3200 Hz 
show a decrease  of  approximately 20% i n   t h e   i n d u c t i o n   r a n g e  4 
t o  8 kG. 

1 2 7  



P - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBATotal  Core Loss, Before and A f t e r  Exposure, 1 0  Torr, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA250' zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAc ,  6 
Table 111. - PC, scI zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

to 
co of Samples  of  Singly  Grain  Oriented  Sil icon Steel, Vendor No. 1; Square 

Hysteres is  Loop, 4%Mo-79%Ni-l7%Fe, Vendor No. 1; Doubly Grain  Oriented zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAr . &  

Si l i con  Steel 

M a t e r l a l  
~ 

0.004- inch   S ing ly   Gra in  
O r i e n t e d   S i l i c o n   S t e e l ,  
Vendor No. 1, MgO I n t e r -  
l a m i n a r   I n s u l a t i o n  

~~ ~ ~ 

0.004- inch   Square   Hys teres is  
Loop, 4%Mo- 79hNi-  17%Fe, 
Vendor No. 1, MgO I n t e r -  
l a m i n a r   I n s u l a t i o n  

0.006- lnch  Doubly  Grain 
O r l e n t e d   S i l i c o n  Steel  
( m a g n e t i c   f i e l d   a n n e a l e d )  
Aluminum Orthophosphate 
I n t e r l a m i n a r   I n s u l a t i o a  

0.006- inch  Doubly  Grain 
O r i e n t e d   S i l i c o n  Steel 
(stress r e l i e f   a n n e a l e d )  
A l u m i n u m  Orthophosphate 
I n t e r l a m i n a r   I n s u l a t i o n  

:ore  Type 

square  
Toro id 

Toro id 
s q u a r e  

Double 
Window 

Double 
Window 

Core 
Jumber 

70 
- 

71 

72 

73 

B, Induction 
(K i l ogauss )  

10 .0  

19.2 

4 . 0  

7 .O 

10 .o 

15 .4  

10 .0  

17 .O 

r PC, sq - T o t a l  Core Loss,  400 H z ,  Room A m b i e n t  

Af te r   D ip  & 
Bake Prior 
t o  Vacuum 
Exposure 

( w a t t s / l b )  

3.2 

2 2  .o 

0.20  

0.78 

6 .90  

17 .O 

9.10 

24 .O 

A f t e r  500 h r s  
a t  V cuum of 

10-8 Tor r  
250' C 

( w a t t s / l b )  

3.69 

22.55 

0.150 

0.548 

7.35 

26.15 

6.75 

24.2 

A f t e r   1 0 0 0   h r s  
a t  Vacuum of 

Tor r  

[ w a t t d l b )  
250' C 

3.91 

20.64 

0.180 

0.799 

7.40 

22.8 

9.67 

32.95 

I 



"'""3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
c 4 z . r  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Table zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI V .  - Evaluation of PC - Total  Core Loss, 400 Hz, Room Ambient Temperature zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
r q  

of Various  Magnetic  Materials Af te r  Heating t o  250' C i n  a Vacuum of 
loe6 Torr 

I 

! 

0.006-Inch  Square 
Hys te res i s  Loop, 
4%  Mo-l9% Ni-11% Fe, 
Vendor No. 1 

0.004-Inch  Square 
Hys te res i s  Loop, 
4% Mo-79% Ni-17% Fe, 
Vendor No. 2 

0.004-Inch  Singly 
Gra in   Or ien ted   S i l i con  
S t e e l ,  Vendor No. 1 

49% Fe,  Magnetic  Field 
0.004-Inch 49% Co-2% V- 

Annealed 

0.006-Inch 49% Co-2% V- 
49%  Fe,  Magnetic  Field 
Annealed 

0.006-Inch  Doubly  Grain 
O r i e n t e d   S i l i c o n   S t e e l  
(S t ress   Re l ie f   Annea led)  

0.006-Inch  Singly  Grain 
O r i e n t e d   S i l i c o n   S t e e l ,  
Vendor No. 2 

0.006-Inch  Grain  Oriented 
50%  Ni-50% Fe,  Vendor 
No. 1 

0.004-Inch  Grain  Oriented 
50% Ni-50% Fe,  Vendor 
No. 2 

Number 
Core 

50 

66 

52 

64 

54 

56 

58 

60 

63 

T 
B. 

Induct ion,  
Ki logauss 

T 
I 

4.0 
7.0 

4.0 
7.0 

10.0 
19.2 

10.8 
18 .2  

10.0 
18.2 

10.0 
17.0 

10.0 
19.2 

8.0 
14.8 

8.0 
14.8 

PC. sq - Tota l   Core Loss a t  400 Hz, Room Ambient 

Watts/ lb 
I n i t i a l  

0.169 
0.584 

0.195 
0.453 

4.01 
16.8 

4.16 
13.0 

4.33 
12.8 

5.12 
1 1 . 2  

4 .31 
20.5 

2 . 1 1  
7.25 

1 . 2 2  
4.38 

A f t e r  500 hours  
a t  25OoC i n  a 

Vacuum of 10-6 

Wat ts / lb  
Torr 

0.179 
0.638 

0.222 
0.569 

3.83 
18.2 

11.72 
4.24 

11.8 
3.86 

14.68 
5.47 

3.51 
17  -9  

2.21 
1.08 

1.07 
4.24 

(a )A l l   cores  were one  inch   s tacks  of Rowland r i ngs   coa ted   w i th  aluminum  orthophosphate. 

A f t e r  1000  hours 
a t  25OoC i n  a 
Vacuum of 10-6 

Tor r  
Wat ts / lb  

0.158 
0.462 

0.210 
0.505 

3.12 
20.6 

11.08 
3.01 

12.25 
4.4 

15.55 
4.45 

3.87 
18.8 

1.95 
6.19 

1.39 
4.48 



r zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Table V. - Res is t i v i t y  and  Weights of Aluminum Orthophosphate  Insulated  Square 

Hysteresis Loop 4%Mo-79%Ni-l7%Fe (Two Vendors),  Grain  Oriented 50%Ni- 
50%Fe (Two Vendors),  Magnetic Fie ld  Annealed 49%Co-2%V-49%Fe, Singly 
Grain  Or iented  Si l icon Steel zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(Two Vendors),  and Doubly Grain  Oriented 
S i l i con  Steel Circular  Blanks  Before and A f t e r  Exposure t o  Vacuum of 

Tor r   fo r  1 0 0 0  Hours a t  250° C 

Surface 
Are,a No. 

Material Blanks (sq. cm) 

0.006-Inch Square  Hysteresis h o p ,  

Core No. 6 
40/oMo-790/oNi-l7WFe, Vendor No. 1, 

150 53.63 

0.004-Inch  Square Hysteresis Loop, 53.63 225 
40/oMo-I9%Ni-l7%Fe,  Vendor No. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2, 
Core No. 1 

0.004-Inch  Singly Grain  Oriented  Silicon  Steel, 53.63 225 
Vendor No. 1, 
Core No. 10 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

R, (OHMS-CM~) (a) 
Average  Inter- 

Lamination  Resistance 

0.004-Inch 490/oCo-20/oV-490/oFe 

Core No. 11 
(Magnetic  field  annealed) 

225 4. 77x105 7. 94x103 53.63 

0.006-Inch 49WCo-20/oV-490/oFe 53.63 150 2. 53x102 2. 9 9 ~ 1 0 ~  
(Magnetic  field  annealed) 
Core No. 9 

0.006-Inch Doubly Grain  Oriented  Silicon  Steel, 53. 63 150 > 3 . 5 8 ~ 1 0 ~  > 3. 58x106 
(Stress relief  annealed) 
Core No. 3 

0.006-Inch  Singly Grain  Oriented  Silicon  Steel,  53.63 150 > 3 . 5 8 ~ 1 0 ~  > 3. 58x106 
Vendor No. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2, 
Core No. 15 

0.006-Inch Grain  Oriented 500/oNi-500/oFel 53.63 150 > 3. 5 8 ~ 1 0 ~  21. &lo4 
Vendor No. 2, 
Core No. 4 

0.004-Inch  Grain  Oriented 500/oNi-500/oFe, 
Vendor No. 1, 
Core No. 17 

~~ 

Weight 
Weight @) Difference 

Before After (SI 

1094.3720  1094.3603  0.0117 (-) 

994.8650  994.7744  0.0906 (-) 

891.7114  897.6259  0.0915 (-) 

1086.2779  1086.2724 0.0055 (-) 

1038.9420  1038.9546  0.0126 (+) 

975.8928  975.8025 

917. 8985 I 917.9036 1 0.0051 (+) 

1016.1385  1016.7404  0.0019 (+) I I 
1049.9020  1049. 8552 0.0468 (-) 

a - Preloaded  at 750 psi and tested  at 150 psi.  Samples  cycled  between 150 psi and 150 psi until resistance  measurement 
remained  approximately  constant. A Wheatstone  bridge was used for  insulation  measurements,  and  the  maximum 
reading  was  lx107  ohms. 



I n  MFA 2V-CoFe cores, the  square-wave  ef fect  is based  on  the 
pe r fec t i on   o f   t he  domain s t r u c t u r e .  A s  w i l l  be   d i scussed   l a te r  
i n   t h i s   c h a p t e r ,  a highly  domain-oriented core, such as t h e  0.002- 
inch tape-wound toro id   used  in   th is   program,  has a h igher  t o ta l  
co re   l oss  a t  400 Hz than a core   o f   the  same material bu t   w i th  a 
lower  degree  of  domain  orientat ion. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAn example   o f   the   la t te r  
m a t e r i a l  i s  the  0.004-inch MFA 2V-CoFe Rowland r ing   core   eva lua ted  
i n   t h i s  program.  Figures zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA36 and 37 show t h a t   w i t h   a n   i n c r e a s e   i n  
frequency,  above 800 Hz, t he   t o ro id   ( f i gu re   37 )   d i sp lays  a smal le r  
i n c r e a s e   i n   c o r e  loss t han   t he   r i ng   ( f i gu re  36) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. For  h igher  
induct ions a t  f requencies  o f  1600 and 3200 Hz, t h e   t o r o i d   d i s p l a y s  
lower l o s s e s   t h a n   t h e   r i n g   i n   s p i t e   o f   t h e   f a c t   t h a t  a t  400 Hz 
t h e   r i n g  showed considerably   lower   losses  than  the  toro id .  

Effect  of  Temperature. - With the   except ion   o f   the  MFA 2V-CoFe 
t o r o i d ,   a l l   t h e   c o r e s   t e s t e d   f o l l o w e d   t h e  same p a t t e r n   i n   t h e  
change  of  dc  and ac proper t ies   w i th   tempera ture .   Th is   pa t te rn   o f  
change w i l l  be  discussed  below. 

When a s ing le-phase  magnet ic   mater ia l ,   such  as  gra in-or iented 
s i l i c o n  steel ,  i s  sub jec ted   t o   i nc reas ing   t empera tu res  (room 
temperature  being j u s t  a temperature  not  a d i v i d i n g   l i n e )   t h e  
fo l lowing  changes  occur:   (a)  the magnet izat ion  curve rises more 
q u i c k l y   a t   l o w e r   f i e l d s   a n d   t h e n   f l a t t e n s   o u t   a n d   s a t u r a t e s   a t  
p rogress ive ly  lower i nduc t ions ;   (b )   coerc ive   fo rce   and  res idua l  
induct ion  decrease  wi th   increas ing  temperature;   and (c) no  change 
i n  room temperature  magnet ic   proper t ies  occurs  a f ter   h igh- tem- 
p e r a t u r e   e x p o s u r e .   I n   a d d i t i o n ,   e l e c t r i c a l   r e s i s t i v i t y   i n c r e a s e s  
w i th   i nc reas ing   t empera tu re ;   f o r   i ns tance ,   t he   e lec t r i ca l  resis- 
t i v i t y   o f   d o u b l y   g r a i n   o r i e n t e d   s i l i c o n  steel  a l l o y  increases 
approximately 40% between room temperature  and 250° C.* 

The above  condi t ions  are  conducive  to  t h e  lowering  of  both 
h y s t e r e s i s  and  eddy  current  losses,  hence a dec rease   i n   co re  
loss wi th   inc reas ing   tempera ture ,   espec ia l l y   a t   lower   induc t ions ,  
can  be  expected. The core   loss   decreases   g radua l ly   w i th  i n -  
creas ing  temperature.  

Since  exci t ing  vol t -amperes  (apparent  power)  ref lect  com- 
p e t i n g   e f f e c t s  of core  loss and p e r m e a b i l i t y ,   t h i s   c h a r a c t e r i s t i c  
d i sp lays  a d i f f e ren t   response  t o  an inc rease   i n   t empera tu re   t han  
the   core   loss .  The pattern  of   change  of   exci t ing  vol t -amperes 
with  increasing  temperature  d isplays  an  induct ion  value  where  the 
compet ing  ef fects  of   permeabi l i ty   and loss are a t   e q u i l i b r i u m .  
A t  t h i s   i nduc t i on   va lue   t he   apparen t  power  shows p r a c t i c a l l y  no 
change  with  temperature. Above t h a t   i n d u c t i o n ,   t h e   e x c i t i n g  
vo l t -amperes  increase  wi th   increas ing  temperature;   be low  that  
induct ion,   they  decrease  wi th   increas ing  temperature.   Futher-  
more, the  f requency w a s  o b s e r v e d   t o   a f f e c t   t h e   p o s i t i o n  of t h i s  
"d i v id ing   l i ne " ,   apparen t l y   d i sp lac ing  it toward lower i nduc t ion  
values  wi th  increasing  f requency.  Depending  on  the material's 

131 

I 



q u a l i t y ,  test  frequency,  and core geometry, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAthe i nduc t ion  a t  
which the   "d i v id ing   l i ne "   occu rs  for t h e  cores t e s t e d  w a s  as 
follows: 1 2  t o  1 4  kG f o r  t h e  SGO S i  steel cores, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8 t o  1 2  kG 
for  t h e  DGO S i  steel cores, 8 t o  11 kG fo r  the GO 50NiFe cores, 
and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 t o  4 kG f o r   t h e  SHL 4Mo-79NiFe cores. 

The rate of change  with  temperature of both  dc  and ac mag- 
n e t i c   p r o p e r t i e s  i s  pr imar i l y   a f fec ted  by the  temperature  de- 
pendence of t h e  material 's satura t ion   magnet iza t ion .   Th is  de- 
pendence i s  expressed   i n   t he  Is/ Io versus  T/T diagram. 3 

I n   p r a c t i c a l  terms, t h i s  means t h a t   w i t h i n  t h e  same temperature 
range  the amount o f   change  in   the   s lope  o f  t h e  magnet izat ion 
c u r v e   o r   i n  ac p r o p e r t i e s  i s  smaller i n   a n  Fe-Co a l l o y  (T  

980OC) t h a n   i n  a 3%Si-Fe  al loy (TCurie 76OOC) ;  or ,  t h a t   t h e  

magnet ic   proper t ies  o f  Fe-Ni al loys  between -55OC and 25OOC 
d i s p l a y  a considerably  greater magnitude of change  than  those 
i n  Co-Fe or  Fe-Si   a l loys.  

Cur ie  

Cur ie  

The response  o f   the MFA 2V-CoFe t o r o i d  t o  a n   i n c r e a s e   i n  
temperature w a s  d i f f e ren t   f rom  tha t   o f   t he  MFA 2V-CoFe laminated 
r i n g  or  t h e   o t h e r  materials e v a l u a t e d   i n   t h i s  program. The PIFA 
2V-CoFe to ro id   f o l l ows  a pat te rn   in   wh ich   dc   and ac magnetic 
proper t ies  fo l low  opposing  t rends  wi th   increas ing  temperature.  
The h igh ly   domain-or ien ted   s t ruc tu re   o f   th is  material,  which 
br ings  about a rec tangu la r   dc   hys te res i s   l oop ,  i s  also conducive 
t o  a considerable  "anomalous" loss. An increase  in   tempera ture ,  
probably up t o  4OO0C, promotes  the  per fect ion of t h i s  domain 
s t r u c t u r e ;   t h i s  i s  re f l ec ted   i n   an   i nc rease   o f   t he   s teepness   o f  
the   magnet iza t ion   loop   bu t  also i n  a n   i n c r e a s e   i n  core loss. 
Judging  by i t s  d c   p r o p e r t i e s ,   t h e   l a m i n a t e d   r i n g   o f   t h i s  ma- 
t e r i a l   h a s  a lower  degree  of domain or ientat ion  and  consequent ly ,  
t h e   p a t t e r n  of change in   bo th   dc   and ac magnet ic   p roper t ies  of 
t h i s  core with  temperature i s  similar t o  t h a t   o f   t h e   o t h e r   c o r e  
ma te r ia l s   eva lua ted   i n   t h i s   p rog ram.  

E f f e c t  of Gra in  Or ientat ion,  Domain Or ientat ion  and Gauge. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- 
The magnet ic   qual i ty   o f  a l l  t h e  materials e v a l u a t e d   i n   t h i s   p r o -  
gram  depends  on spec ia l   t r ea tmen ts   t ha t   t hese   ma te r ia l s - -o r  more 
proper ly   the i r   s t ruc tu res- -were   sub jec ted  to.  These  s t ruc tu re  
t reatments w i l l  be discussed  and  corre la ted  wi th   the  magnet ic  
behavior   o f   the  core materials. 

The b e s t   s o f t   m a g n e t i c   p r o p e r t i e s   i n  a material are obtained 
when magnet ic   energ ies  such  as  the  magnetocrysta l l ine  energy  and 
the   magnetos t r i c t i ve   energy   a re   zero .  The a l l oys   o f   t he  4 t o  5% 
Mo, 79%Ni-Fe fami ly   approach  th is   condi t ion more c lose ly   t han   t he  
o t h e r  materials t e s t e d   i n   t h i s  program. A s  a r e s u l t ,  4%Plo-79%Ni- 
Fe cores show a very  h igh  permeabi l i ty   and l o w  loss. When sub- 
j ec ted  t o  a spec ia l   coo l i ng   t rea tmen t   t h i s  material a l s o   d i s p l a y s  
a rec tangu lar   hys teres is   loop .  However, t h e   s a t u r a t i o n   o f   t h i s  
a l l oy   f am i l y  i s  r e l a t i v e l y  low. 
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When the  an isot rop ies  cannot   be  min imized  or   e l iminated,   the 
most e f f e c t i v e  way of producing  favorable  magnet ic  propert ies,  
p a r t i c u l a r l y   i n  a s h e e t  or t ape ,  is  t o  either develop a s u i t a b l e  
t e x t u r e   ( g r a i n   o r i e n t a t i o n )   o r  t o  apply  magnetic  annealing 
(domain o r ien ta t i on ) .   Tex tu re  makes it p o s s i b l e   f o r   t h e   e a s y  
d i rect ion  o f   magnet izat ion t o  c o i n c i d e   w i t h   t h e   d i r e c t i o n   o f  
appl ied  f ie ld.   Magnet ic  anneal ing,   on  the  other  hand,  super-  
imposes a u n i a x i a l   a n i s o t r o p y   i n   t h e   d i r e c t i o n   o f   t h e   f i e l d  
thus   mak ing   tha t   d i rec t ion   the   mater ia l ' s   easy   d i rec t ion   o f  mag- 
ne t i za t i on .   Depend ing   on   t he i r   bas i c   cha rac te r i s t i cs   d i f f e ren t  
ma te r ia l s   respond   d i f f e ren t l y  t o  those  t reatments.  

Si-Fe  al loys  and SO%Ni-SO%Fe a l loy  respond w e l l  t o  t e x t u r e  
t reatments.  A high  degree  of  either  "cube-on-edge" (SGO) o r  "cube- 
on-face" (DGO) texture  can  be  produced  in  Si-Fe a l l oys   (usua l l y  
con ta in ing   3%Si   i n  t h e  DGO m a t e r i a l  and  3.25%Si i n  t h e  SGO ma- 
t e r i a l ) .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAn even  higher  degree  of  "cube-on-face"  texture  can  be 
produced i n  50%Ni-50%Fe  tape. I n  the  "cube-on-edge"  texture  the 
easy  d i rect ion  o f   magnet izat ion i s  a l igned w i t h  t h e   r o l l i n g  
d i rec t i on   o f   t he   shee t ;   i n  t h e  "cube-on-face"  texture t he  easy 
d i r e c t i o n  of   magnet izat ion  co inc ides  wi th   both  the  ro l l ing 
d i r e c t i o n   a s  w e l l  a s   w i t h   t h e   d i r e c t i o n   p e r p e n d i c u l a r   t o  it. 

The presence of two mutua l l y   perpend icu la r   easy   d i rec t ions  
of magnet iza t ion   in  t he  p lane  o f  t h e  DGO S i  steel  s h e e t  makes 
t h i s  m a t e r i a l   s u i t a b l e   f o r   a p p l i c a t i o n s   i n   c o r e s   o f  window frame 
design. However, t h i s  geometry  has  certain  drawbacks;  the  corners 
of   the window frame con ta in   l ess - favo rab le   d i rec t i ons   o f  mag- 
ne t iza t ion   and  cause  the   f lux  l i nes  t o   c o n g e s t   t o  some e x t e n t  
i n  t h a t   a r e a .  A s  a resu l t ,   the   magnet ic   qua l i t y   o f   the  window 
frame  core  processed  from DGO S i  s t e e l   s h e e t  is  i n f e r i o r  t o  
t h a t  of e i t h e r   g r a i n - o r i e n t e d   s i l i c o n  steel t o r o i d   ( i n  which  the 
f l ux   t rave ls   on l y   a long  t h e  pre fer red   d i rec t ion   o f   magnet iza t ion) .  

DGO S i  steel  toro id   responds  to   magnet ic   anneal ing  but  t h e  
e f f e c t  i s  less pronounced  than i n  t h e  MFA 2V-CoFe to ro id .  A s  
compared w i th   the  SRA core   o f   the  same m a t e r i a l ,   t h e  MFA S i  steel  
t o ro id   d i sp lays   h ighe r   pe rmeab i l i t i es  and  improved CCFR p roper t i es  
but  only  minor  improvements i n   ac   magne t i c   p roper t i es .  Both  of 
t hese  DGO S i  steel t o r o i d s  show h igher   dc   permeab i l i t ies   than  the  
SGO S i  steel toroid  but   only  comparable ac p roper t i es .  

The respec t ive   dc   p roper t ies   o f   bo th   g rades   ( to ro id  and 
laminated  r ing)  of  MFA 2V-CoFe compare  favorably  with  publ ished 
data. However, t h e  ac p r o p e r t i e s  of bo th   the   to ro id  and t h e   r i n g  
show h i g h   t o t a l   c o r e   l o s s e s  a t  a l l  four   f requencies.  The core 
l o s s e s   i n   t h e   t o r o i d s  are twice t hose   repo r ted   f o r  a d i f f e r e n t  
batch of MFA 2V-CoFe t o r o i d s   i n  a prev ious  s tudy.2 The core 
losses i n   r i n g s  are either  comparable  (up  to 15 k G )  or   h ighe r  
than  those  repor ted   p rev ious ly   fo r  a laminated  ring,  0.006-inch- 
laminat ion  th icknesse2  S ince  the  mater ia l   used  in   both  cases 
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has  comparab le   dc   p roper t ies ,   fau l ty   in te r laminar   insu la t ion  w a s  
suspected t o  be  causing  excessive core losses; however r e s i s t i v i t y  
checks  d id   not  confirm th is   assumpt ion.  

The p r i n c i p a l   e f f e c t  of gauge i s  t he   one   assoc ia ted   w i th   t he  
well-known decrease of eddy-current zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAloss wi th   d imin ish ing   sheet  
th ickness.  However, t e x t u r e   p e r f e c t i o n  may also change  with  gauge 
r e s u l t i n g   i n   d i f f e r e n c e s   i n   m a g n e t i c   q u a l i t y   w i t h   s h e e t   t h i c k n e s s ,  
p a r t i c u l a r l y   w i t h   r e s p e c t  t o  dc  and  the  corresponding CCFR proper- 
t ies. For ins tance,  DGO S i  steel tape,  0.002-inch-thick,  displays 
a bet ter   magnet ic   qual i ty   than  the  sheet ,   0 .006- inch- th ick.  The 
s i t u a t i o n  i s  d i f f e r e n t   i n   t h e  material wi th   t he  cube-on-edge  tex- 
ture  because SGO S i  steel tape  shows b e t t e r   m a g n e t i c   q u a l i t y   i n  
a thicker  gauge.  Although a th inner   gauge is p r e f e r a b l e   i n   g r a i n -  
o r i en ted  50%Ni-50%Fe a l l o y ,   t h e   d i f f e r e n c e   i n   m a g n e t i c   q u a l i t y  
between  the  tapes, 0,002-  and  0.004-inch-thick, i s  usua l ly   no t  as 
pronounced i n   t h i s  material as i n   bo th   g ra in -o r ien ted  S i  steels. 

Effect   of   Frequency zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- on CCFR Proper t i es .  - CCFR p r o p e r t i e s  
versus   an   inc rease  in   f requency  of square wave e x c i t a t i o n  show a 
rise i n  AT and DAT and a d e c r e a s e   i n   g a i n  f o r  a l l  t he   ma te r ia l s  
and  core   con f igura t ions   tes ted .  The drop  in   ga in  wi th   f requency 
w a s  especia l ly   pronounced  in  the high-gain materials -- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAGO 50%Ni-Fe 
and S H L  4%Mo-79%Ni-17%Fe0  With the  except ion  of   the  0.002- inch 
tape-wound t o r o i d  of t he  l a t t e r  material and  the DGO S i  steel  dou- 
b l e  window cores, a l l  t h e  cores tested  approach a t  3200 H z  a g a i n  
value  between 0 . 7 5 ~ 1 0 ~  and  lx105 The S H L  4%Mo-79%Ni-l7%Fe to ro ids  
show a t  3200 H z  a ga in  of 0 . 5 5 ~ 1 6 ~  and  2 .5~105 f o r  tape   th icknesses  
of 0.004-inch  and  0.002-inch  respective1  the  double window cores 
d isp lay  a su rp r i s ing l y   h igh   ga in ,  2 . 2 ~ 1 0  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3; , a t  3200 H z .  For a 
given Hm, the  average  va lues  o f  SAT, Br ,  and T (squareness) show 

some, r a t h e r  small and  i r regu la r ,   f luc tua t ions   w i th   f requency  
except fo r  t h e  DGO S i  steel double window cores  which show a 
cons iderab le   decrease  o f   these  p roper t ies  a t  3200 Hz. 

I n   t h e  area of CCFR p r o p e r t i e s ,  no  publ ished  data  could  be 
l oca ted   w i th   respec t   t o   t he  effects of   increased  f requency  for  
e i t h e r  s i n e  wave or  square wave e x c i t a t i o n .  The CCFR tests per- 
formed i n   t h i s  program  show, as expected, a progress ive   inc rease 
i n   d c  reset magnetizing force (Ho ,   H I ,  H 2 )  wi th   inc reas ing  fre- 

quency  and the  corresponding  increase  in  incremental   magnet iz ing 
fo rce  (DAT) which i n   t u rn   b r i ngs   abou t  a drop  in   ga in .   Th is  
change i n   p r o p e r t i e s  w a s  probably  brought  about  through a de- 
crease i n   t h e  t i m e  per iod   a l lowed  fo r   the   dc   cur ren t   to   accompl ish  
t h e   f l u x  reset ( f u r t h e r   s t u d i e s  would  be  needed t o  conf i rm  th is  
model) . A t  the  h igher  end  of   the  f requency  range, somewhat h igher  
e x c i t a t i o n   c u r r e n t s  were requ i red   fo r   most   cores   to   ma in ta in  
t h e i r  Bm v a l u e   i n  CCFR tests. The r e a s o n   f o r   t h i s   i n c r e a s e   i n  

exc i ta t ion   cur ren t   requ i rement  i s  t ha t   i n   t he   h ighe r   f requency  
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range  the  magnet izat ion  curve i s  sh i f ted   toward   h igher   f ie lds   w i th  
an   inc rease  in   f requency   thus   requ i r ing  a h i g h e r   e x c i t a t i o n   f i e l d  
to   ma in ta in   t he  same i nduc t ion  level. 

AC Hysteres is  Loops. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- Both the  shape  and Ern of   the ac hys ter -  

esis loops a r e   i n  good  agreement  with  the  magnetization  data. The 
ac  hysteres is   loops  widened  considerably   wi th   f requency  as w e l l  as 
w i t h   t h e   p e r f e c t i o n   o f  domain o r i e n t a t i o n .  Some d i s t o r t i o n  a t  
higher   f requencies w a s  n o t e d   i n   t h e  ac hys teres is   loop   o f  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAMFA 
2V-CoFe cores.  

E f f e c t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo f .  Mechanical  Degradation. - Of a l l  t he   s t ra in - i nduc ing  
magnet ic   degradat ion   e f fec ts   eva lua ted ,  core c u t t i n g  is the  most 
damaging. DC magnet izat ion  curves of cu t   t o ro ids   o f  SGO S i  steel  
and SHL 4Mo-79NiFe f l a t t e n   o u t  a t  low f i e l d s  and  do  not  approach 
the   dc   magne t i za t i on   cu rve   o f   t he   uncu t   t o ro ids   un t i l   t he   l a t te r  
start t o  approach  sa tura t ion .   In   add i t ion ,   the   core  loss increased 
40 t o  70%.  Other  operat ions  such  as  d ip and bake  produce  only 
s l igh t   degradat ion ,   the   ex ten t   o f   wh ich  may depend  on the  geometry 
of t h e  c o r e   o r  on t h e  magnet ic   s t ructure  o f  t h e  m a t e r i a l   o r  on a 
combinat ion  o f   both  factors .   For   instance,   d ip   and  bake  had a 
grea ter   degradat ion  ef fect  on t he  DGO S i  steel double window cores 
than  on  toro ids.  On t h e  other  hand,  bonding stresses, which a r e  
somewhat de t r imen ta l   t o   mos t   co res  tested ra i se   t he   l ow- f i e ld  
por t ion   o f   the  SHL 4Mo-79NiFe magnetization  curve  because  the 
magnet ic   s t ruc tu re   o f   th is   mater ia l   responds  favorab ly   to   smal l  
t e n s i l e  stresses. The stresses assoc ia ted   w i th   f l u id i zed   coa t ing  
appear   to   have a g r e a t e r   e f f e c t  on the  magnet izat ion  curve  o f   the 
MFA 2V-CoFe to ro id   t han   t he   o the r   s im i l a r   t rea tmen ts .  

Magnet ic   degradat ion  e f fects   are i n  most   cases  the  resul t   o f  
s t ra in   i nduced   i n to   t he   s t ruc tu re   o f   t he   ma te r ia l s  by e x t e r n a l  
mechanical  or  chemical stresses dur ing  process ing  and  serv ice.  
The s t ra in   p roduces   s t ray   f i e lds   wh ich  make the  magnet izat ion 
process  harder   and  genera l ly   br ing  about   an increase i n   h y s t e r e s i s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
loss and a s h i f t  of   the  magnet izat ion  curve  toward  higher  f ie lds.  
The ef fects  of   d ip  and  bake,  winding,  bonding  or  f lu id iz ing  are 
genera l ly   based on the  above  mechanism. The in teract ions  between 
t h e  stress systems  and  the  s t ructure  o f   the  mater ia l   determine 
t h e  e x t e n t  of damage. 

The major  component i n  t h e   e f f e c t   o f   c o r e   c u t t i n g  is  t h e  a i r  
gap. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAn a i r  gap  has a powerfu l   demagnet iz ing  e f fect   resul t ing i n  
shear ing  over   o f  t h e  hys teres is   loop  and a cons iderab le   decrease 
in   permeab i l i t y   o f   h igh-permeab i l i t y   mater ia ls .  The ac e x c i t a t i o n  
fo l lows  the same p a t t e r n .  However, t he   co re  l oss  i s  considerably  
less e f f e c t e d  by the   in t roduc t ion   o f  a smal l  a i r  gap  than  the 
magne t i za t i on   cha rac te r i s t i cs .  The magnitude  of  the a i r  gap 
e f fec t   a lso   depends  on   the   leng th   o f   the  mean magnetic  path 
and  on t h e   c h a r a c t e r i s t i c s  of the  uncut   core.   For   the same a i r  
gap ,   t he   dec rease   i n   pe rmeab i l i t y  w i l l  be less wi th  a g r e a t e r  
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l eng th  of the   magnet   f lux   pa th   bu t  more pronounced i n  a l o w  coer- 
c i v e  force, high  permeabi l i ty  core. 

Effect of Vacuum Exposure. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- Vacuum exposures a t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA250° C f o r  
500 hours  and 1000  hours-p-FoGced  pract ica l ly  no change i n   t h e  
weight  of core windings. However, a f t e r   t h i s  vacuum exposure some 
decrease i n  average  in te r laminar   res is tance was a p p a r e n t   i n  several 
d i f f e r e n t  cores which w e r e  coated  wi th  aluminum orthophosphate. 

Long-time  exposure a t  lower temperatures  can  produce  chemical 
e f f e c t s   s u c h  as (a )  prec ip i t a t i on   o f   ca rb ides   ( ' l ag ing " )   i n   ce r ta in  
g rades   o f   S i -Fe ,   (b )   s t ra in   assoc ia ted   w i th  atomic o r d e r i n g   i n  
some Ni-Fe  and Co-Fe a l loys,   and (c) di f fus ion  o f   harmfu l   impur i -  
t ies  from t h e   i n t e r l a m i n a r   i n s u l a t i o n  o r  gas  env i ronment   in to   the 
core. Apparent ly ,   none  o f   these  e f fects   have  taken  p lace  dur ing 
t h e  250° C exposure   i n  a vacuum. The s l i g h t   d e c r e a s e   i n   c o r e  
loss i s  probably  the  resul t   of   an  accompanied stress r e l i e f   e f f e c t .  
An i n c r e a s e   i n  core loss of  MFA t o ro ids   o f  DGO S i  steel r e s u l t e d  
i n   a l l   p r o b a b i l i t y  f r o m   t h e   p a r t i a l  loss of  the  magnet ic  anneal ing 
e f fec t   a f te r   long- t ime  exposure  a t  250° C. 

A P P L I C A T I O N  O F  M A T E R I A L S   E V A L U A T E D  

The materials t e s t e d   i n   t h i s  program  have many u s e s   i n  
dev ices   tha t   must   be   opera ted   w i th   square  wave e x c i t a t i o n .  The 
m a t e r i a l s   p r o p e r t i e s  shown i n   t h i s   r e p o r t   c a n   b e   o b t a i n e d   i n  
many product ion  conf igurat ions  but  it is e s s e n t i a l   t h a t   d e t a i l e d  
requi rements  be  estab l ished fo r  cores and t h a t   c o r e s   b e   s u i t a b l y  
t e s t e d  t o  assure  that   des ign  requi rements are achieved.  In many 
conf igura t ions   the   exac t   p roper t ies  shown i n   t h i s   r e p o r t  are not  
achievable  and  consideration  must  be  given t o  packaging  and 
manufac tur ing   p rocesses   to   be   cer ta in   dev ices  w i l l  opera te  as 
requi red.  

P o t e n t i a l   u s e s   o f   t h e  materials are shown on t a b l e  V I  and 
in   t he   f o l l ow ing   d i scuss ion .  

S q u a r e   H y s t e r e s i s  L o o p  4 % M o - 7 9 % N i - l 7 % F e  

This  material can  be  used  in  many app l i ca t i ons  as i nd i ca ted  
by table V I .  The material has  very l o w  core zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAloss, however, i t s  
s a t u r a t i o n   f l u x   d e n s i t y  i s  approx imate ly   one  ha l f   o f   the  gra in  
o r i en ted  50%Ni-50%Fe material. The a l l o y  i s  e s p e c i a l l y   u s e f u l   i n  
apparatus  such as high  accuracy  current   t ransformers  where  losses 
must  be  kept t o  a minimum. I t  is also p r e f e r r e d   i n   a p p l i c a t i o n s  
where the  frequency  exceeds 5000 Hz. 
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Table V I .  Poten t ia l   App l i ca t i on  of Materials zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

I Appl icat ion 

Power Transformers 

Spec ia l ty  Type Transformers 

Current  Transformers 

Pulse  Transformers 

Reactors ( Induc tors )  

Saturable  Reactors  

Magnetic  Amplif iers 

F lux  Counters 

Transductors 

T i m e  Delays 

Bi-Stable  Switching Devices 

Saturat ing  Swi tch ing 
Devices 

i 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

Material zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
a 
a, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
c, 
c zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

-rl 
a, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 
k zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

r 

X 

X 

X 

X 

X 

,X 

X 

X zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
X 
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Gra in  Or ien ted  50%Ni-50%Fe 

The material i s  available i n   l am ina t ions   and   t o ro ida l  con- 
f igurat ions.   Because  the material is  s t r a i n   s e n s i t i v e  it i s  n o t  
a v a i l a b l e   i n  c u t  core zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAform. 

The material i s  f r equen t l y   used   i n   sa tu rab le  reactors, high 
ga in   magnet ic   ampl i f ie rs ,   b i -s tab le   sw i tch ing   dev ices   and power 
inver te r -conver te r   app l i ca t ions .  I t  i s  a lso  used i n   a p p l i c a t i o n s  
which demand ext remely  rectangular   hysteres is   loops  such  as time 
re lays ,   f l ux   coun te rs ,   and   t ransduc to rs .  

Magneti c Fie1  d Annealed  49%Co-Z%V-49%Fe A1 1 oy 

This material has  per fo rmance  charac ter is t i cs  s imi lar  t o   t h e  
o r i e n t e d   s i l i c o n   i r o n s .  The major d i f f e r e n c e  i s  t h a t   t h e  satura-  
t i o n   f l u x   d e n s i t y   o f   t h i s   m a t e r i a l  i s  considerably   h igher .  If t he  
h i g h e r   f l u x   d e n s i t y   c a p a b i l i t y   c a n   b e   u t i l i z e d ,  a weight  reduc- 
t i on   o f  up t o  25  percent  i s  poss ib le .  The main  disadvantage  of 
t h i s  material i s  i t s  very  high cost. 

G r a i n   O r i e n t e d   S i l i c o n   S t e e l s  

These materials, w i t h   t h e i r   h i g h   s a t u r a t i o n   f l u x   d e n s i t y ,  
h igh   squareness ,   mechan ica l   s tab i l i t y ,   re la t i ve ly  l o w  core  loss, 
and r e l a t i v e l y  l o w  c o s t ,  are t he  most widely  used materials f o r  
magnetic  devices. The materials have a w i d e   a p p l i c a t i o n   i n  power 
t rans formers ,   spec ia l ty   t ype   t rans formers ,   cur ren t   t rans formers ,  
pu lse   t rans formers ,  ac and  dc reactors, s a t u r a b l e   r e a c t o r s ,  mag- 
ne t i c   amp l i f i e rs ,   and   t ransduc to rs .  

The materials are ava i l ab le   f o r   use   i n   l am ina t ion  or  s t r i p  
wound to ro ida l   and   cu t  "c" cores. Because cores can  have  an a i r  
gap in   the   magnet ic   pa th   they  may b e   u s e d   r e a d i l y   i n   c i r c u i t s  
such as inver te rs ,   where  a dc  component  of  f lux may be   p resent .  
With care i n   s e l e c t i n g   t h e  material th ickness ,  t o  keep  the  hyster-  
esis losses l o w ,  t h e  materials may be used a t  r e l a t i v e l y   h i g h  
f requencies.  However, a t  h igher   f requenc ies  it may not  be  pos- 
s i b l e   t o   o p e r a t e   t h e s e  materials a t  h igh   f l ux   dens i t i es ,   and  
laminat ions are not   commerc ia l ly   ava i lab le  in   th icknesses  be low 
four  m i l s .  

The o r i e n t e d   s i l i c o n   i r o n s  a l l  have  bas ica l l y   the  same gen- 
e r a l   c h a r a c t e r i s t i c s   w i t h   t h e r e   b e i n g  little d i f f e r e n c e  t o  guide 
a select ion  between  s ing ly   or iented  and  doubly   or iented stress 
re l i e f   annea led   t ape  material. The doubly   or iented material may 
b e   p r e f e r r e d   i n  a laminat ion or  when t h e   s p e c i a l   c h a r a c t e r i s t i c s  
of   magnet ic   f ie ld   anneal ing are des i red .  
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C O N C L U S I O N S  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Square wave e x c i t a t i o n  as compared t o   s i n e  wave e x c i t a t i o n , ’  

br ings  about  a dec rease   i n   co re  loss a t  f requencies  above zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA800 H z  
f o r   a t  least doub ly   g ra in   o r i en ted   s i l i con  steel and  magnetic 
f i e ld   annea led  49%Co-2%V-49%Fe a l l oy .  A t  3200 Hz a core  loss re- 
duct ion  o f  15% was r e a l i z e d   f o r   b o t h   m a t e r i a l s .  The o the r   co re  
materials may a lso   be   respond ing   in   the  same manner t o   s q u a r e  
wave e x c i t a t i o n   b u t  no corresponding  s ine wave d a t a   f o r  800, 1 6 0 0 ,  
and 3200 Hz w e r e  found i n   t h e   l i t e r a t u r e   f o r  comparison. 

I n  core loss, the  magnet ic   f ie ld   annealed  doubly   gra in  
o r i en ted  S i  steel toro id   and  the  magnet ic   f ie ld   annealed 49%Co- 
2%V-49%Fe a l l o y  show  optimum c a p a b i l i t i e s  a t  high  induct ions.  The 
square  loop  4%Mo-79%Ni-l7%Fe  has  the  lowest  core loss o f   a l l   t h e  
materials t e s t e d   f o r   i n d u c t i o n s  up t o  5 kG. 

Temperature w i s e ,  b o t h   s i l i c o n  steel  t o r o i d s  show the  lowest  
change i n  magnetic  propert ies  between -55O C and  250° C. 

I n  CCFR tests, h i g h e s t   g a i n   v a l u e s   a t  400  H z  are   d i sp layed  
by the  square  hysteres is   loop  4%Mo-79%Ni- l7%Fe  toro ids  (4 .35~10~ 
t o   9 . 5 ~ 1 0 ~ ) .  The gain  va lues  decrease 70 t o  9 0 %  i n   a l l   m a t e r i a l s  
wi th  an  increase i n  f requency  to  3200 Hz. The h ighes t   squareness  
r a t i o  was shown by the  grain-oriented  50%Ni-50%Fe  cores. I n  
s p i t e   o f  some v a r i a t i o n s ,  there appears   to   be  no change in   square-  
ness  wi th  increasing  f requency. The same a p p l i e s   t o   t h e  SAT values 
al though  in  most  cases  higher Hm i s  requ i red   t o   ma in ta in  B a t  

3200 H z .  
m 

O f  a l l   the   s t ra in - induc ing   magnet ic   degradat ion   p rocesses  
s tud ied ,   co re   cu t t i ng  i s  t h e  most  damaging. Some o the r   ope ra t i ons  
such  as  d ip  and  bake  or a f lu id ized  coat ing  produce  on ly  a s l i g h t  
degradat ion  the  extent  of   which may depend  on t h e  magnetic struc- 
t u r e  of t he   ma te r ia l .  

The exposure  of   cores t o  vacuum a t  250°  C f o r  1 0 , 0 0 0  hours 
produced  only a s l i g h t  change i n   c o r e   l o s s e s  and  very little 
change in   core   we igh t .  

The gra in   or iented  50%Ni-50%Fe  toro id   has  an optimum com- 
b ina t ion   o f   overa l l   magnet ic   p roper t ies   fo r   core   app l i ca t ions  
d i t h i n   t h e   c o n d i t i o n s   s p e c i f i e d   i n   t h i s  program. The magnetic 
f i e ld   annea led   doub ly   g ra in   o r i en ted   s i l i con  steel is  the  second 
n o s t   g e n e r a l l y   u s e f u l   m a t e r i a l   p a r t i c u l a r l y   i f   h i g h e r   f l u x  den- 
sities and a minimum change in   magnet ic   p roper t ies   he tween, -5S0 C 
2nd 250° C are   requ i red .  The square   hys teres is   loop  4%Mo-79%Ni- 
17%Fe t o r o i d  is b e s t   s u i t e d   f o r  core a p p l i c a t i o n s   r e q u i r i n g  a 
Qigh  ga in ,   the   magnet ic   f ie ld   annea led  49%Co-2%V-49%Fe t o r o i d  
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for  t hose   requ i r i ng  a h igh   sa tu ra t i on .  The s ing l y   g ra in -o r ien ted  
s i l i c o n  steel t o r o i d  i s  a s u i t a b l e   s u b s t i t u t e   f o r   t h e  stress rel ie 
annealed  doubly   gra in-or iented  s i l icon steel to ro id   bu t   does   no t  
a t ta in   the   magnet ic   qua l i t y   o f   magnet ic   f ie ld   annea led   doub ly  
g ra in -o r ien ted   s i l i con  steel. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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A P P E N D I X  A 

C O N D U C T O R S   A N D   C O N D U C T O R   I N S U L A T I O N   R E V I E W  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Electrical  conductor  insulations  systems  and  the  use  of 

aluminum  foil  for  transformers  was  reviewed. 

Developments  in  recent  years  have  shown  that  aluminum  foil 
is very  useful  in  both  commercial  and  aerospace  applications. 

The  use  of  aluminum zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAf o i l  instead  of  copper  wire  has  the 
following  advantages. 

(1) Conductivity-to-weight  ratio  is  better  compared  to 
copper. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

( 2 )  Ease  of  winding. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
( 3 )  Better  space  factor  with  the  proper  insulation. 

(4) Better  cooling  with  virtual  elimination of hot spots. 

(5) Lower  voltage  stresses  (turn-to-turn  only) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. 
Aluminum  foil  has  the  following  disadvantages: 

(1) Lower  volume  conductivity  compared  to  copper. 

( 2 )  Problems  with  lead  connections. 

The  electrical  volume  conductivity zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof aluminum  foil  (EC 
Alloy)  is  approximately 6 4  percent of that of copper.  Aluminum 
with  a  larger  volume  but  lower  density  results  in  a  winding  hav- 
ing  about 5 0  percent  the  weight  of  an  equivalent  copper  winding. 
Lead  connections  can  be  made  adequately  but  the  connection  cost 
is  higher  and  multiple  connections  are  frequently  required. 

The  most  difficult  problem  to  overcome  in  aerospace  appli- 
cations  is  turn-to-turn  insulation  where  the  conductor  thickness 
is  small.  In  aerospace  applications,  it  is  necessary  to  operate 
transformers  at  the  maximum  temperature  possible  with  regard  to 
operating  conditions,  reliability,  and  life.  One  of  the  mate- 
rials  used  for  turn-to-turn  insulation  is  Mylar  which  is  a  Class 
B insulation  and  good  only  to  about 150° C. An  anodic  coating 
is  satisfactory  in  regard  to  operating  temperature  and  insulation 
thickness  but  has  many  problems.  Some of the  problems  of  the 
anodic  coating  are  poor  flexibility  resulting  in  crazing  of  the 
coating,  inconsistent  quality  of  coating,  burred foil edges, 
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little  resistance  to  foreign  material  in  the  winding,  and  high 
cost  of  coating  thin  gauges.  Another  insulation  being  used  is 
a  coating zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof ML Enamel on one  side  of  anodized  aluminum.  This 
ML coated  material  has  good  performance  but  it  is  relatively  ex- 
pensive. 

Commercial  distribution  transformer  manufacturers  are  now 
using  aluminum  foil.  Since  weight  is  generally  not  critical  in 
distribution  transformers,  the  main  goal  is  to  utilize  the  other 
advantages  of  aluminum  foil.  Because  aluminum  is  more  ductile 
than  copper,  it  forms  better,  creating  a  tightly  wound  unit. 
Aluminum  strip  conductor  is  easier zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAto wind  than  copper  wire,  re- 
ducing  manufacturing  costs.  Because  of  its  better  cooling  prop- 
erties,  strip  wound  coils  permit  greater  overloads.  The  alum- 
inum  foil  is  often  insulated  with an  epoxy  enamel  which  is 
limited  in  temperature  as  it  is  a  Class  B  material. 

Recent  developments  of  polyimide  and  polyamide  insulating 
materials  have  created  a  new  possibility  for  turn-to-turn  insu- 
lation  materials.  The  materials  are  Kapton  and  Nomex  with  Kapton 
being  available to a  thickness of 0.0005-inch  and  Nomex  to  a 
thickness  of  0.002-inch.  Both  materials  are  high  temperature 
materials  and  have  very  good  thermal,  electrical,  and  mechanical 
properties.  These  materials  can  be  used  as  interleaving  insula- 
tion  between  turns.  With  these  materials,  it  is  expected  that  a 
good  high  temperature,  lighter  weight,  and  lower  cost  transformer 
will  be  possible.  The  interleaving  eliminates  the  high  cost of 
the  present  high  temperature  insulation  methods,  and  provides 
an  uninsulated  conductor  for  versatility  and  ease  of  making  con- 
nections. 
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A P P E N D I X  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAB 

D E S I G N   A N D   E V A L U A T I O N  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAOF S T A T I C   I N V E R T E R   O U T P U T  
T R A N S F O R M E R   U T I L I Z I N G   F I E L D - A N N E A L E D   D O U B L Y  

O R I E N T E D   S I L I C O N   S T E E L  

Mate r ia l   Charac te r i s t i cs  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Doubly  oriented  silicon  steel  has  two  easy  directions  of 

magnetization,  one  perpendicular  to  the  other,  rather  than  one 
as  in  conventional  grain-oriented  magnetic  steels.  An  easy  di- 
rection is  defined  as  the  direction  of  magnetization  that  results 
in  the  lowest zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAloss for  a  given  flux  density.  Most  steels  have 
direction,  usually  in  the  rolled  direction.  Core  configurations 
that  require  flux  to  traverse  the  core  in  the  plane of the  lam- 
inations  take  advantage  of  the  two-easy-directions  property. A 
tape-wound  core  (toroidal)  is  an  example  of  a  configuration  that 
uses  only one  direction  of  magnetization.  Preliminary  indica- 
tions  were  that  a  technique  using  a  magnetic  field  while  anneal- 
ing  would  result  in  lower  losses  for  this  material  when  the  ex- 
citing  frequency  is 400 Hz  or  above. 

Material  characteristics  of  this  doubly  oriented  steel  can 
be  used  in  static  inverters  and  converters  as  a  means  of  increas- 
ing  efficiency  and/or  reducing  weight.  The  lower loss charac- 
teristic  at  higher  frequencies  is  particularly  well  suited to 
the  square-wave  voltages  which  are  commonly  found  in  inverter/ 
converter  circuits  and  which  are  rich  in  high  harmonic  frequen- 
cies.  The  two  easy  directions  of  magnetization  make  this  mate- 
rial  suitable  for  a  variety  of E-I type  lamination  configura- 
tions.  For  this  type  transformer  construction,  non-oriented 
materials  are  normally  used  which  require  higher  exciting  cur- 
rents  and  have  higher  losses  or  must  be  operated  at  lower  flux 
densities. 

For  this  program,  two  identical  output  transformers  were 
built  using  0.011-inch  singly  magnetic  material zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 3 %  silicon - 97% 
iron).  These  transformers  were  connected  into  static  inverter 
models  for  testing.  Another  transformer of the  same  design  was 
made  using  0.006-inch  doubly  oriented  magnetic  core  material. 
This  transformer  was  evaluated  in  one  of  the  inverter  models  to 
determine  what  improvement  in  efficiency  could  be  realized  by 
using  this  core  material  in an actual  inverter  application. A 
comparison  of  losses  for  these  two  materials  with  400-Hz  sinus- 
oidal  excitation  is  given in  figure 102. Since  the  0.006-inch 
doubly  oriented  steel  material  was  not  yet  commercially  avail- 
able,  the  test  data  presented  in  figure 102 for  this  material 
can  be  considered  only  representative  of  the  presently  available 
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Westinghouse  Data 
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12 14 16 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Figure 102. A Comparison  of  Losses  for  Singly  and  Doubly 

Oriented  Materials  with 400-Hz Sinusoidal 
Excitation 

sample  quantities.  These  data  show  that  even  non-field-annealed, 
doubly  oriented  steel  is  better  than  singly  oriented  steel  at 
high  flux  densities.  The  0.011-inch,  singly  oriented  material 
was  chosen  for  the  two  identical  output  transformers  because  it 
was  readily  available  in  sheet form.  Material  and  data for 
0.006-inch  singly  oriented  material were not  readily  available 
for  a  more  direct  comparison. 

Needed  data  were  not  available for 0.006-inch  doubly  oriented 
material  which  had been  field-annealed.  Such data  were  taken  af- 
ter  the  cores  were annealed  and  are  presented in  this  report. 

W e i g h t   R e d u c t i o n   T h r o u g h   L a m i n a t i o n   C o n f i g u r a t i o n  

"E" type  cores  are  commonly  used  for  three-phase  sinusoidal 
voltage  transformers  and  require one-third  less  core  material 
than  would  be  required  for  three separate  single-phase  transformers. 
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This  same  method  of  saving  magnetic  material  weight  through  flux 
cancellation  can  be  extended  for  use  with  a  six-power-stage 
static  inverter  having  six  square-wave  output  voltages,  phase- 
displaced zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA30 electrical  degrees  from  each  other. 

For  this  program,  a  four-power-stage  static  inverter  was 
used  having  four  square-wave  output  voltages,  phase-displaced 45 
electrical  degrees  from  each  other.  Using  harmonic  neutraliza- 
tion  techniques,  the  secondary  windings  were  interconnected  to 
produce  a  three-step,  three-phase  output  voltage  with  the  first 
harmonic  present  being  the  seventh.  The  basic  lamination  con- 
figuration  for  this  output  transformer  is  shown  in  figure 103. 
Assuming  a  constant  number  of  turns  and  wire size,  this  type 
lamination  requires  about zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 0  percent  less  magnetic  material  than 
would  be  required  for  four  separate  single-phase  transformers. 

Unity 
1/2 Area  /Area 

D zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
C zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAB 

Figure 103. Basic  Lamination  Configuration  for  Output  Transformer 
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Des ign   o f  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAT e s t  Trans fo rmer  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
The  actual  lamination  configurations  that  were  used  to  fa- 

cilitate  machine  winding  of  the  four  transformer  coils  and  to 
permit  use  of  available  tooling  for  punching  the  laminations  are 
shown  in  figures zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA104 and 105. Placing  two  of  the  short  lamina- 
tions  in  between  each  layer  of  long  laminations  results  in  a  core 
having  the  basic  lamination  configuration  of  figure 103. By al- 
ternating  the  gaps  between  ends  of  the  short  laminations  from  one 
side  of  the  core  to  the  other,  the  long  laminations  will  carry 
33 percent  more  flux  than  usual  in  the  area of these  gaps.  This 
staggered  gap  accomplishes,  with  greater  reduced loss, the  effect 
of gapping  the  whole  core  cross-section  in  output  transformers. 

The  turns  and  core  cross-sectional  area  were  designed  to 
produce  a  maximum  flux  density, BM zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 13 kilogauss.  With  a  nom- 
inal  volts/turn of 0.7, the  required  stack  height  is  approxi- 
mately 0.95 inches.  Figure  102  shows  that  the  doubly  oriented 
steel  has  a  core loss of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6 . 3  watts  per  pound  while  0.012-inch 
singly  oriented  steel  has  a  core loss of 8.5  watts  per  pound  at 
13 kilogauss  excitation. 

The  nominal  rating  of  the  transformer  is 750 VA and its 
calculated  weight  was 6.9 pounds,  exluding  leads.  Figure 106, a 
schematic  diagram  of  the  output  transformer,  shows  the  turns  and 
winding  interconnections  required to produce  a  three-phase, 115- 
volt  output  with  the  third  and  fifth  harmonics  neutralized. 

T r a n s f o r m e r   E v a l u a t i o n  

The  effect  of  using  doubly  oriented  steel  in  the  inverter 
output  transformer  was  evaluated  by  measuring  transformer  temper- 
ature  rise  and  inverter  efficiency.  These  measurements  were  made 
first  with  the  singly  oriented,  silicon-steel  core  in  the  in- 
verter  output  transformer.  This  output  transformer  was  then  re- 
placed  with  an  identical  transformer  having  a  doubly  oriented 
steel  core.  Inverter  efficiency  and  output  transformer  tempera- 
ture  rise  were  again  measured  at  both  zero  and  full  load.  These 
measurements  illustrated  the  improved  inverter  efficiency  caused 
only  by  changing  the  output  transformer  core  material.  This  re- 
duction  in  losses  could  have  been  traded  for  reduced  transformer 
weight.  This  would  have  improved  the  power-to-weight  ratio of 
the  inverter  without  affecting  efficiency. 

Two inverter  output  transformers  assembled  for  evaluation 
are  shown  in  figure 107. As described  above,  one  transformer 
uses  conventional  singly  oriented  silicon-iron  core  material;  the 
other  transformer  uses  a  new,  doubly  oriented,  field-annealed 
silicon-steel  core  material.  Equal  cross-sectional  areas  Of  steel 
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0.205 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAD i m  Thru 3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAHoles 

R o l l i n g  Direct ion zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Figure 105. Actual  Output  Transformer  Short  Lamination 

Dimensions 

were  used  in  each  transformer  core.  Each  transformer  weighs  ap- 
proximately 7.2 pounds  with  leads.  The  annealing  processes  used 
for  both  transformer  laminations  are  described  in  the  last  sec- 
tion of this  appendix. 

These  two  transformers  were  first  evaluated  with  sinusoidal 
excitation  voltage  and  were  then  operated  individually  in  the 
same  static  inverter  test  model. 

Characteristics  of  Transformer  Cores  with 400-Hz Sinusoidal 
Excitation  Voltage. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- To obtain  core loss and  ac  excitation  data 
from a magnetic  core  material, it is  desirable to have  a  perfectly 
uniform  cross-sectional  area  throughout  the  entire  magnetic  path. 
This  facilitates  the  calculation  of  the  operating  flux  density 
and  the  core  weight.  These  conditions  were  approached  with  the 
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1, 
Figure  1 0 6 .  Output   TransfoNer  Schematic Diagram 

(Numbers ' Ind icate  Turns)  

output   t ransformers by p lac ing  a shor ted  turn  around  each  o f   the 
f o u r   i n t e r i o r   c o r e   l e g s   t o   p r e v e n t   f l u x  from passing  through 
these   sec t i ons   o f   t he   co re .  Then 400-Hz f l u x  w a s  caused t o  fo l -  
low the   ou ts ide   co re  legs by applying 400-Hz ' s inuso ida l   vo l tage 
t o  the  four  pr imary  windings  connected  in series. Voltage w a s  
appl ied  to  only  hal f   of   each  90-turn  pr imary  winding,  making a 
t o ta l   e f fec t i ve   w ind ing   o f  1 8 0  t u rns .  

The e f f e c t i v e   c r o s s - s e c t i o n a l  area of the ou ts ide   co re   l egs  
uas determined by measuring  the stack he igh t  on each t ransformer 
md  determining  the  product  of the  stack he igh t ,  known width 
(0.545  inches)  and  stacking  factor.  The measured stack h e i g h t  
vas 0.964 i nches   f o r  the doubly   or iented steel transformer  and 
3.909 i n c h e s   f o r   t h e   s i n g l y   o r i e n t e d  steel  t rans former   wh i le   the  
s tack ing   fac to r  was 0.90 for   the  former  and  0.95 fo r  the la t ter .  
rhere fore ,   the  effective cross-sec t iona l   a rea  for  each  core i s  
I .  47 inches . 2 

The f l u x   d e n s i t y  B i s  a funct ion  o f   the  appl ied  vo l tage 
lccording t o  the  fo l lowing  equat ion:  
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where zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
V zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= applied 400-Hz zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBArms volts 

A = effective  core  cross-sectional  area; 0.47 inches2 

f = frequency  of  applied  voltage; 400-Hz 

T = 180 turns 

By  substitution: 

B =  
0.47 x 400 x 180 - 

By  referring  to  the  lamination  dimensions  in  figures 104 and 1 0 5 ,  
the  volume  of  iron  in  the  outside  core  legs  was  calculated  and 
found  to  be 10.6 cubic  inches.  Using  the  known  material  density 
of 0.255 pounds  per  cubic  inch,  the  weight  of  the  core  which  was 
excited  in  this  test  is 2.7 pounds. 

The  accurate  measurement of core loss and  ac  excitation  is 
a  difficult  task  because  the  excitation  current  becomes  non- 
sinusoidal as  the  core  begins  to  saturate.  Conventional 0.25 
percent  wattmeter  will  not  give  accurate  indications  when  the 
applied  currents  have  high  harmonic  content.  To  avoid  these 
problems,  test  data  were  obtained  using  a  VAW  Meter.  This  meter 
has an  accuracy  of +3 percent  over  a  frequency  range  of 20 to 
20,000 Hz. The  winaing  resistances  were  measured  and  the  copper 
loss was  subtracted  from  the  measured loss to  obtain  the  core 
loss for  a  variety  of  excitation  levels.  The  core loss in  watts- 
per-pound,  the  core  ac  excitation  in  apparent  watts-per-pound, 
and  the  flux  density  in  kilogauss  were  calculated  from  the  test 
results  and  plotted  for  comparison  in  figures 108 and 109. 

At  the  desired  operating  flux  density  of 13 kG, the  doubly 
oriented  steel  core  had  a loss of 7.7 watts-per-pound  compared 
with  11.6  watts-per-pound for  the  singly  oriented  steel  core. 
At  this  same  flux  density,  the  doubly  oriented  steel  core  re- 
quired 13.3 volt-amperes  excitation  per  pound  compared  with 
21.5 volt-amperes  excitation  per  pound  for  the  singly  oriented 
steel  core. The  use  of  the  0.006-inch  steel  laminations  rep- 
resents  a 33 percent  reduction  in  core loss and  a zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA38 percent  re- 
duction  in  required  excitation  when  compared  with  the  0.011-inch 
steel  laminations.  This  reduction  is  even  more  significant  at 
higher  flux  densities. 
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The t o t a l  core we igh t ,   i nc lud ing   t he   i n te rna l  core legs, i s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3 . 3  pounds.  Therefore, when the   t rans former  is  opera ted  a t  13 
kG, t h e   d i f f e r e n c e   i n  core loss f o r   t h e  t w o  materials should  be zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
(11.6 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- 7.7)  watts/pound x zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 . 3  pounds = 1 2 . 8  wat ts .  This  can  be 
expected t o  change  the   e f f i c iency  of t h e  750 VA i n v e r t e r  model 
by approximately 

I 2 O 8  x 100% = 1 . 7 % .  750 

I t  should  be  noted  that   about   one  ha l f  of t h e  improvement 
i n  core material c h a r a c t e r i s t i c s  is a r e s u l t   o f   t h e   d i f f e r e n c e  
i n  material th ickness  as i l l u s t r a t e d   i n   f i g u r e   1 0 8 .  

E f f e c t  ." ~~ of  Transformer Core Material o n   S t a t i c   I n v e r t e r  Ef- 
f i c iency .  - Tests zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAwere"conducted"to"dete-%iine t h e   i n v e r t e r   e f -  
f i c i ency   w i th   each   d i f f e ren t   t rans fo rmer   i ns ta l l ed .   I nve r te r  
e f f i c i e n c y  was determined  with  loads  ranging  from 25 t o  1 2 5  per- 
cen t   o f   fu l l   load   and  w i th  power factors  ranging  from  0.75  lag- 
g i n g   t o  0 .9  l ead ing .   Wat tmeter   and  vo l tmeter   po ten t ia l   co i l s  
presented  an  addi t ional  1 2  wat ts   load  t o  t h e   i n v e r t e r  and  have 
been   i nc luded   i n   t he   e f f i c i ency   ca l cu la t i ons .  

.. . - . - - - . .- . . - - " - . "_ 

The tes t  r e s u l t s   p l o t t e d   i n   f i g u r e  1 1 0  a r e  from t h e  1 . 0  
power f a c t o r  tests.  The inver te r   e f f i c iency   improved  under   a l l  
load  condi t ions  through  the  use  o f   the  doubly   or iented s tee l  
t ransformer.   Ef f ic iency  improvement   a t   fu l l   load  ranged  f rom as 
low a s  1 . 0  p e r c e n t   t o  as h igh   as  2 .6  percent.  This  wide  range 
i s  because  the  t ransformer  core  f lux  densi ty  changes as the   load  
power f a c t o r   c h a n g e s ;   a l s o ,   t h e   a n t i c i p a t e d   s a v i n g s   i n   c o r e  loss 
of 1 2 . 8  w a t t s  i s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1.7 p e r c e n t   o f   f u l l   l o a d  w a t t s  a t   u n i t y  power 
f a c t o r   b u t  i s  2 . 3  percen t   o f   f u l l   l oad  watts  a t  0 . 7 5  power fac-  
t o r .  The improved  ef f ic iency  of  t h e  i n v e r t e r  i s  caused   d i rec t l y  
by the  reduced  core loss of   the  doubly   or iented steel  outpu t  
t rans fo rmer .   Th i s   i nc rease   i n   e f f i c i ency  was poss ib le   w i thout  
inc reas ing   the   t rans former   o r   inver te r   we igh t .  

Dur ing  the  t ransformer  evaluat ion,   the  sur face  temperature 
o f   the   t rans former  w a s  a l l o w e d   t o   s t a b i l i z e   a t   z e r o - l o a d   a n d   a t  
f u l l - l o a d   u n i t y  power f a c t o r .  The sur face  temperature w a s  meas- 
ured a t   t h e   t o p   c e n t e r   p o r t i o n   o f   t h e  core with  thermocouples 
loca ted  as shown i n   f i g u r e  1 0 7 .  The zero-  and  ful l- load  temper- 
a tu res   rose  t o  82.5O and 1 2 0 °  C ,  r e s p e c t i v e l y   f o r   t h e   s i n g l y  
o r i e n t e d  steel t ransformer.  The zero-  and  fu l l - load  temperatures 
rose  t o  66O and 101O C ,  respec t ive ly   fo r   the   doub ly   o r ien ted  
steel  t ransformer.  Normal room temperature  condi t ions (25O C )  
preva i l ed   du r ing   t he  test .  This lesser temperature rise adds t o  
t h e  l i f e  of electr ical i n s u l a t i o n  and  could  be  important  on  ex- 
t remely   long-durat ion  appl icat ions.  



Figure 110.  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- The Effect of Output  Transformer Core Mater ia l  on 
I nve r te r   E f f i c i ency  fo r  1 . 0  Power Factor Loads zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Effect  of  Transformer  Core  Material  on  Static  Inverter 
Weight. - In  some  applications  it  may  be  more  desirable  to  reduce 
the  weight  of  the  static  inverter  than  to  increase  efficiency. 

!t  of  Tra 
In  some 
. of  the 

nsformer  Core  Material  on  Static 
applications  it  may  be  more  desi 
static  inverter  than  to  increase 

Inverter 
rable  to  reduce 

1 efficiency . 
The  improved  magnetic  characteristics  of  the  doubly  oriented 
steel  alloy  allow  this. 

Figure  108  illustrates  the  magnitude  of  the  possible  weight 
reduction.  Based on this  comparison zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof core  losses,  doubly  ori- 
ented  steel  alloy  can  be  operated  with a flux  density  of  16 kG 
and  have  the  same zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAloss as  singly  oriented  steel  alloy  operating 
at 13 kG. The ac  excitation  is  practically  the  same  at  these 
two  operating  conditions.  For  example, a singly  oriented  steel 
alloy  transformer  will  weigh  approximately  13/16th  as  much  as 
a doubly  oriented  steel  transformer  having  equal  efficiency. 
Each  of  the  two  transformers  used  in  this  evaluation  weighs  ap- 
proximately 7.2 pounds.  The  reduction  of  (1-13/16) 7.2 pounds, 
or 1.3 pounds,  represents a 19 percent  reduction  in  transformer 
weight  with  no  increase  in  losses. 

The  inverter  models  used  in  this  evaluation  have a packaged 
weight  of 26  pounds.  Use of a doubly  oriented  steel  output 
transformer  could  reduce  this  packaged  weight  by 1.3 pounds 
without  reducing  efficiency.  This  represents a 5 percent  savings 
in  inverter  weight. 

Anneal i n g  o f   T r a n s f o r m e r  Lami n a t i o n s  

The singly  oriented  steel  transformer  laminations were 
punched  from  0.011-inch-thick  steel  sheet.  These  punchings were 
annealed in a dry  hydrogen  atmosphere  (dew  point  did not exceed 
-20' C) at 800° C + l o o  C for two  hours  and  then  furnace  cooled 
to below 150' C. 

- 

The  doubly  oriented  steel  transformer  laminations  were 
punched  from  0.006-inch-thick  sheet.  To  provide the  means to 
establish a magnetic  field  in  the  laminations  during  the  anneal- 
ing  process, a fixture  was  constructed  and  is  shown in  figure 
111. The  four  plates  shown  were  made  from  3/8-inch-thick  Inconel. 
The  two  coils  were  wound  from  1/4-inch-diameter,  low-oxygen  cop- 
per  rod.  The  rod  was  flame  sprayed  with  alumina  to  insulate  the 
conductors  during  the  anneal. 

Sufficient  doubly  oriented  steel  laminations were punched 
for two  transformers so that  two  separate  anneals  could  be  made. 
Half  of  the  laminations  were  assembled  into  the  annealing  fix- 
ture. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA resistance  furnace  was  pre-heated  to 1000' zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAC. The  as- 
sembled  fixture  was  placed  in  an  enclosed  Inconel  retort.  The 
cold  retort  was  inserted  into  the  furnace  and  raised  to 900' C. 
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 CU CUB EX-STEEL zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
[ LAMINATIONS  TRANSFORPJER 1 ~ ~ ~ ~ ~ ~ ~ 1  

I I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAk* INCONEL 
PLATES 

* BOLT  TOGETHER zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 

0 
1 -  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAT 

1 & zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 CONNECTED  TOGETHER 
2 & 4 CONPJECTED  TO POWER SUPPLY 

3/8 INCONEL  ANNEALIIJG PLATES ( 4  REQ) 

Figure  111. - F i x t u r e  Used t o  E s t a b l i s h  a Magnetic Fie ld  i n  t he  Doubly- 
Oriented Steel T r a n s f o r m e r   L a m i n a t i o n s  During t h e  Anneal- 

i n g  P r o c e s s  



The charge was maintained a t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA9 0 0 °  C f o r   n ine ty   m inu tes .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA10- 
o e r s t e d   f i e l d  was then   app l i ed  and  he ld   dur ing   the   en t i re   coo l ing  
cyc le .   Dur ing   the   en t i re   annea l ,  a dry  hydrogen  atmosphere was 
p resen t .  A f l ow   ra te   o f  30 cubic fee t   pe r   hou r  was accu ra te l y  
metered  and dew p o i n t s  w e r e  checked a t  t h e  beginning,  mid-point, 
and  end  of  the  cycle. The en t rance dew p o i n t  w a s  grea te r   t han  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
- 6 5 O  C. The e x i t  dew p o i n t s  were n o t  less than -35O C. The 
c o o l i n g   c y c l e   f o r   t h e   f i r s t   a n n e a l  was  programmed a t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 O  C p e r  
hour. The cool ing  cyc le   for   the  second  anneal  w a s  programmed a t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
25O C per  hour.  Magnetic tests conducted   a f te r   the  two anneals  
showed tha t   t he   magne t i c   p roper t i es  w e r e  not  changed by cool ing 
r a t e .  
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A P P E N D I X  C 

TEST P R O C E D U R E S  A N D  TEST EQUIPMENT 

W i n d i n g s  a n d  T e s t   P r o c e d u r e s  f o r  
Core zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAL o s s  a n d  Apparent  Power 

The cores were wound with two windings  o f   e ight   s t rands 
each. The s t r a n d s  were t hen   connec ted   i n   se r ies -pa ra l l e l  combin- 
a t i o n s  by means of a connector  adapter  system  to  provide  the 
proper number  of t u r n s   f o r  t h e  spec i f ied   f requency   o f  tes t  and 
to   ma in ta in  a cons tan t   f l ux -vo l t   l eve l  a t  the   requ i red   induc t ion .  
The f l u x - v o l t   l e v e l   a t  maximum induc t ion ,   w i th  s i n e  wave exc i ta -  
t i o n ,  w a s  mainta ined  a t   approx imate ly  1 0 0  v o l t s   i n  most  cases 
and was propor t ionate ly   reduced  for  t h e  lower  induct ions.   With 
square-wave  exci tat ion  the  vol tage level  was he ld   a t   approx imate ly  
1 5 0  v o l t s   a t   t h e  maximum induct ions.   These  values were p icked   t o  
co inc ide  wi th  maximum l i m i t a t i o n s  of t h e  power supply  a l lowing 
for  an  approximate 20 v o l t   s a f e t y   f a c t o r   i n  case higher   induct ions 
were l a t e r  requ i red .  

The t e s t i n g  w a s  conducted  in  accordance  wi th ASTM A343-60T 
us ing   the  tes t  c i r c u i t  shown i n   f i g u r e  1 1 2 .  

Winding a n d  T e s t   P r o c e d u r e s  f o r  
M a j o r  H y s t e r e s i s  Loops 

The t e s t  requ i red  a drive  and  pickup  winding. The d r i v e  
winding was t h e  same as the   p r imary   fo r   the  400  Hz core loss test .  
A one-turn  winding was u t i l i z e d   f o r   t h e   p i c k  up. The t e s t i n g  w a s  
conducted  in  accordance  with ASTM A343-60T us ing  the test  c i r c u i t  
shown i n  f igure  113.  The loop was recorded by photographing  the 
osc i l l oscope   t race .  The c i r c u i t  was ca l i b ra ted   f o r   each   co re  
and t h e   c a l i b r a t i o n   t r a c e  was photographed. 

Windings a n d  T e s t   P r o c e d u r e s   f o r  D C  M a g n e t i z a t i o n  
a n d  D C  Hysteres is   Loops  

The w ind ings   fo r   dc   tes t ing  were t h e  same as   used   f o r   t he  
ac   hys te res i s   l oops .  The t e s t i n g  was in   accordance  wi th  ASTM 
A341-64. The tes t  c i rcu i t   fo r   dc   magnet iza t ion   curves  i s  shown 
i n   f i g u r e  1 1 4 .  The test  c i r c u i t   f o r   d c   h y s t e r e s i s   l o o p s  is  shown 
i n  f i g u r e  115. The c a l i b r a t i o n  and  recording  of  loops was the  
same a s   f o r   a c   l o o p s .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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c zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

'Jariable zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA+ 
Frequency Test 
Square-Wave  Transformer 
Power  Supply 

0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
J zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

V1 - F lux  Meter 

V 2  - Combinat ion Meter 
1 - I n p u t  I 

True  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBARplS 
2 - o u t p u t  E 

W - Wattmeter 

P o t e n t i o M e t e r  - IIV Read-Out 

S1 - Shunt  
1K, 1W 

S2 - Shun t  

Figure 1 1 2 .  - Core Loss and  Apparent Power T e s t  C i r c u i t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Volts zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
E To Oscil loscope zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(11) 

Electronic 
Generator zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

- Load 

Bank 
Lo 

- - 

Test 
Core zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Y 

Oscilloscope 

To 
05 x i l l o s c o p e  

(VI 

Integrator 

To 
Integrator 

L 

Calibrator zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Figure 113. - Major AC Hysteresis Loop Test  Circuit 
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n zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

CRO = Cathode  Ray  Oscil loscope 
C3. = 18 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAu f  

C2,C3 = 3 u €  
C4 = 700 u f  

D1,D2 = 6  ( IN2611 Series) 
LJI = Cal ibrat ing  Mutual   Inductor 

Figure 114. - DC Magnetization  Test  Circuit 

- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1 

Integrator 

Shunt d 

CRO 

)!r + 

Z V  H’- 

Test  Core 

Figure 115. - Test  Circuit  for  Display zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof DC Magnetization  Loop zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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W i n d i n g  a n d  Test  Procedures f o r  C C F R  Tests  

For  CCFR (Constant  Current  Flux R e s e t )  three  windings are 
requi red,   dr ive,   p ickup,   and reset. The pickup  and reset wind- 
i n g s   c o n s i s t  of one  turn  each. The dr ive  winding is dependent 
o n   t h e   c u r r e n t   l i m i t a t i o n  of t h e  power  supply  and  ranged  from 
one t o  s i x   t u r n s .  The t e s t i n g  was conducted i n  accordance  with 
AEEE (now IEEE)  B u l l e t i n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBANo. 432, Jan. 1 9 5 9 ,  T e s t  Procedure  for  
Toroidal  Magnetic  Ampli f ier  Cores,  except  that  square-wave  exci- 
t a t i o n  w a s  used  and tests were conducted a t  4 0 0 ,  8 0 0 ,  1 6 0 0 ,  and 
3200 Hz. The test  c i r c u i t   u s e d  is  shown on f i g u r e  1 1 6 .  

Test  E q u i p m e n t  

The fol lowing t es t  equipment w a s  used i n   t h i s  program: 

1. CML Square-Wave Power Supply. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- The square-wave power 
supp ly   used  fo r   the   tes t ing  w a s  an E lec t ron ic  Generator,  made by 
Communications  Measurement  Laboratories,  with  square-wave  fre- 
quency  output of 50 t o  5000  Hz. Maximum r a t e d  power l e v e l  is  
7000  VA on  square wave. The rise time of the   square  wave i s  1 5  
misroseconds. 

A harmonic  analysis of typ ica l   square-wave  outputs  of t he  
genera tor  i s  as  fo l lows:  

-Harmonic  Content i n  
Cond i t ion   Harmon ic  N o .  

400 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAHz, Loaded t o  1 5  kG on 
0 . 0 0 2 - i n c h   s i n g l y   g r a i n   o r i e n t e d  
s i l i c o n  steel ,  Vendor #1 

I 3200 Hz, N o  Load 

I 3200 Hz, Loaded zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAto 15 kG on 
0 , 0 0 4 - i n c h   s i n g l y   g r a i n   o r i e n t e d  
s i l i c o n  steel ,  Vendor #1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

1 - 
1 0 0  

100 

100 

100 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

3 
% of I 

34.55 

33.37 

32 .81  

31.93 

Indame zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
5 

20.84 

20.07 

18.05  

16 .45  

t a l  An 
7 

14.65 

14 .37  

10 .85  

9.02 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

1 li t u6  
9 

1 1 . 4 0  

1 1 . 2 1  

6.61 

4 . 6 0  

- 

I 
- 

Harmonic   Analys is  of S q u a r e  Wave O u t p u t  

- 
- 

.n 

9.31  

9.19 

3.82 

2.13 

2. Weston Inductronic  Wattmeter,  Model 1 4 8 3 .  - This i n s t r u -  
ment w a s  used t o  measure ac power by app ly ing   d r ive   cur ren t   and 
the  induced  vo l tage of the  secondary.  The dc  output   vo l tage i s  
i n   d i r e c t   p r o p o r t i o n  t o  the  input   and w a s  read  wi th   an  external  
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E P ~  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAsin zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAw 

VDC 

Voltmeter 

Core 

Simplified CCFR Core  Tester zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Figure 116. - C o n s t a n t   C u r r e n t  Flux R e s e t   C o r e   T e s t   C i r c u i t  
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potentiometer.  The  unit  has  an  electrodynamometer  input  circuit. 
Due  to  the  high  burden  inflicted  by  this  instrument, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAit was used 
when  testing  materials  at  flux  densities  above 2 kilogauss.  The 
ranges  are zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAas follows: 

Input  current: 5 A, single  input 

Input  volt: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA50 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAV across 471.6 ohms  resistance 

1 0 0  V across 943.3  ohms  resistance 

200 V across 1886 .8  ohms  resistance 

Full  scale  power  ranges: 250, 500, and 1000 watts 

Maximum  percent  accur- 0.1% to 25,000 H z ,  sine  wave 
acy  at  full  scale  and 1.0% to 1 0 , 0 0 0  H z ,  sine  wave 
unity  power  factor: 3.0% to 20,000 Hz,  sine  wave 

Specifications  above  are  applicable  to  square-wave  opera- 
tion,  bi-directional,  to 3200 Hz. 

Repeatability  of  approximately  five  percent  was  achieved. 

The  output  of  the  unit  would  not  zero, and it  was  determined 
that  a constant  error  was being  introduced over the  complete 
range. This  error  had  to be  deducted  from each reading. 

No  method  was  available  to  check  the  accuracy  of  this  in- 
strument  using  square-wave  excitation  (square-wave  voltage). zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

3 .  Leeds  and  Northrup  Millivolt  Potentiometer,  Model 8690.  - 
This  instrument  was  used  as  a  readout  for  the  Weston  Inductronic 
Wattmeter.  The  range  is  from -11 mV  to +lo1 mV.  The  accuracy  is 
- +0.05% of reading  plus 20 mV. A typical  calibration  comparison 
is shown  below: 

Range 100 Millivolts 

Calibration  Points 

80 50 20  Standard  Reading 

80 50 20  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
4 .  John  Fluke VAW Meter,  Model 102. - This  instrument  was 

used  to  measure  ac  power  when  the  levels  were  of  relatively  low 
magnitude.  With  an  input  impedance  of 1 megohm,  no  burden  was 
imposed.  The  ranges  are  as  follows: 
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Voltage: 1.5,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3.5, 15, 30, 150, 300, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6 0 0  v o l t s  rms, f u l l  
scale. 

Current: 1.5, 3, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6 ,  15, 30, 60, 150, 300, 6 0 0  mA. 1.5 ,  
3.6, 15,  amperes. rms/ fu l l  scale. 

Power: 225 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBANW t o  9kW. 

Maximum percent  accuracy a t  f u l l  scale: 

3% (pf of 1) 20 Hz t o  40 kHz s i n e  wave 

3% (pf of 0.1) 20 Hz t o  20 kHz s i n e  wave 

Power measurements are without  waveform error w i t h i n   t h e  
speci f ied  f requency  range.  

The r e p e a t a b i l i t y  of t h i s   u n i t   v a r i e s  t o  20 percent .  The 
accuracy is la rge ly   dependent   on  the  vo l tage scale and  the power 
f a c t o r  scale. 

A t yp ica l   ca l ib ra t ion   compar ison  is  shown below fo r  t h e  
vo l tage  sca les,   and t h e  most  used  current scales a t  a frequency 
of 400 H Z :  

V o l t s  

Range 1 . 5  3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6 15 30 60 600 300 150 V o l t s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
J 

C a l i b r a t i o n   P o i n t s  1 2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 1 0  20 4 0  400  200 1 5 0  1 2 0  90 60 30 

S t a n d a r d   R e a d i n g  0.99 2 4 10  2 0 . 1  4 0  400 2 0 1   1 5 0  119   90  60 30 

Ca l ib ra t i on  of Current Ranges 
Using a Typical  Shunt 

Range 1 . 5  A Shunt zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
- -. . - - - 

Ca l ib ra t i on   Po in ts  1.5 1 0.5 

Standard  Reading 1.5 1 0.505 

IOTE: A check  on  the power scales is  accomplished by 
tak ing  a VA Product  on a res is tance  load .  A l l  
shunts  are trimmed t o  produce  exact ly   the 
standard  reading. 

." . -~ ~ ~ 
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5. H e w l e t t  Packard Model 400 H Vacuum Tube Voltmeter. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- This 
inst rument  w a s  used t o  measure  f lux  vol tage. I t  ac tua l l y   senses  
the   average  va lue   o f   the   app l ied   s igna l ,   bu t   the   sca le   reads  
average times 1.11. 

The vo l tage  ranges  are  f rom 1 mV t o  300 V i n  1 2  increments. 

The frequency  range is from 1 0  Hz t o  5 m H z ,  with  an  accur- 
acy  of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA&l% of f u l l  scale t o  500 kHz. With t h e  range  se lec t ion  
p r o v i d e d ,   n e a r l y   f u l l  scale def lec t ion   can  be achieved a t   n e a r l y  
a l l  times. Therefore,  a  good degree  of  accuracy  can  be  main- 
t a ined .  

A t yp ica l   ca l ib ra t ion   compar ison  is shown below a t  a f r e -  
quency  of 400 Hz: 

Volts 

Range 

40 20 Cal ibrat ion  Points 

O i O 3  0 . 1  0.3 1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 10 30 300 100 V o l t s  

0.02 0.08 0.2 0.8 2 8 20 200 100 80  60 

.Standard  Reading 0.02 0.08  0.2 0.8 2 8 20 200 99.9 80 60 40 2 0  
~~ 

6.  H e w l e t t  Packard Model 3400 A RMS Voltmeter. - Th is  i n -  
strument was used t o  measure  true zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBArms vo l tage  in   the   p ick -up  
winding  and a l s o   t h e  r m s  dr i ve   cu r ren t ,   w i th   t he   a id   o f  a cur- 
r e n t  shunt.  

Voltage  ranges  are  from 1 mV t o  200 V i n  1 2  increments. 
The frequency  range is from 1 0  Hz t o  1 0  m H z ,  with  an  accuracy of 
Ll% from 50 Hz t o  1 mHz.  With t h e  range  se lect ion  prov ided,  
n e a r l y   f u l l   s c a l e   d e f l e c t i o n   c a n  be achieved a t   n e a r l y   a l l  times. 
Therefore,  a good degree of accuracy  can be maintained. A t yp i -  
ca l   ca l ibrat ion  compar ison is shown below a t  a frequency  of 400 Hz: 

Volts 

Range 

20 Cal ibrat ion  Points 

0.03 0 . 1  0.3 1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 10 30  300 100 Volts 

0.02 0.08 0.2 0.8 2 8 20 200 100 80  60  40  

Standard  Readings 0.02 0.08 0.201 0.8 1.99  7.99 20 200 100 80 60 40.2 20.8 

7. B a l l a n t i n e  Peak  Responding  Electronic  Voltmeter Model 
305A. - This  instrument was used t o  measure  peak  dr iv ing  current - 

166 



for  both zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACCFR and core.-loss tests. It indicates  peak-to-peak  or 
peak  amplitudes  of  repetitive  waveforms  including  sine,  square, 
triangular  and  complex  waves.  The  measurement  is  indicated on 
logarithmic  voltage  scales  which  allows  for  high  accuracy  at  all 
points.  The  voltage  range  is  from 1 mV  to 1000 V  in zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 2  incre- 
ments.  The  frequency  range  is  from 5 Hz to 500 Hz  to 500 kHz 
sine  wave  and 200 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAHz to 300 kHz square  wave.  Accuracy  is * 2 %  
from 20 Hz  to 200 kHz  sine  wave  and * 3 %  from 200 Hz  to zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA300 kHz 
square  wave. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA typical  calibration  comparison  is  shown  below 
at  a  frequency of 400 Hz: 

Millivolts 
Volts Peak-to-Peak  Peak-to-Peak 

Range 1 V Peak-to-Peak  1000  350  100  35 10 3 . 5  350 100 35  10 

1 1800 200 
80 20 8 2  200  80 20 8 

- 
Ca l ib ra t i on   Po in ts  

0.399  0.599 0 . 8  1 799.9  199  80.2 20 8 1.995  199  80.5  19.9 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA9 0.298  Standard  Reading 

0 . 4  0 . 6  0 . 8  0 . 3  

8. Ballantine  AC/DC  Precision  Calibrator  Model 421. - This 
instrumexwas used  as  the  source  for  calibration of a  compara- 
tor  when CCFR and  hysteresis  loop  data  were  taken. It was  al- 
ways  used  to  the  peak-to-peak  mode  at 400 Hz.  The  output  volt- 
age  range  is 1.11 mV  to 111 volts  full  scale.  The  full  range 
accuracy  is *0.1% with  a  linearity of controls  at * 0 . 0 5 %  of  set- 
ting.  A  typical  calibration  comparison  is  shown  below: 

Range 
Settincr 

Peak-to-Peak 
Reading  at 

400 Hz 

100 v 
10 v 

1 v  
100 mV 

10 mV 
1 mV 

100.01 
10.002 

99.98  
10.002 

0.9999 

1.0004 

The  accuracy of this  calibration  is *0.05% mV. 

9.  Moseley  DC  Voltmeter  Model 22. - This  instrument  was  used 
exclusively  in  conjunction  with  current  shunts  in  the  determina- 
tion  of  reset  currents  and  dc  magnetization  induction  levels. 
The  voltage  ranges  are  from zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 mV  to 300 V  in 11 increments  with 
an  accuracy of 0.2% of full  scale  on  all  ranges.  A  typical  cal- 
ibation  comparison  is  shown  on  the  following  page: 
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Millivolts V o l t s  

Range 100 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAmV 300 100  30 1 0  3 1 300 30 1 0  3 

Calibration P o i n t s  20 200 80 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA20 8 2 0.8 200 20 8 2 100 80 60  40 

Standard  Reading 20 199 79 .7   19 .94   7 .97  2 0 . 8  199 20 7 . 9 7  1 . 9 9   1 0 0  80 60 40 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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A P P E N D I X  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAD 

E X P E R I M E N T A L   P R O B L E M S  

C o r e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBABox S e a l i n g  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
The  core  boxes  were  sealed  with  a  silicone  epoxy  which  failed 

after  two  hours  at  a  temperature  of 250'  C. The  elastomeric  pro- 
perties  of  the  silicone  epoxy  deteriorated  at  this  temperature 
sufficiently to allow  the  seal  to  be  broken  and  the  silicone  oil 
to  leak  out.  The  mechanical  seal  between  the  aluminum  core  box 
and  the  silicone  glass  insert  also  failed  due  to  the  difference 
in  expansion  between  the  two  materials. 

This  failure  indicated  that  state-of-the-art  core box mate- 
rials  would  not  withstand a short  exposure  at 250' C  although 
vendors  believed  that  their  core  box  construction  would  be  satis- 
factory . zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Core C o a t i n g  

Cores  of 3% silicon  steel;  50%  nickel-50%  iron;  and  4% mo- 
lybdenum, 79% nickel, 17% iron  were  coated  with  aluminum  ortho- 
phosphate  (aluminum  oxide,  orthophosphoric  acid,  and  water solu- 
tion). The  coating was very  thick ( -1 mil)  and  broke  down  in 
the  presence  of  dry  electrolytic  hydrogen  and  the  elevated  stress 
relief  annealing  temperatures 8 0 0 °  to 1175'  C. The  cores  were 
badly  distorted  and  stuck  together. 

Phosphorus  pentoxide  reacts  with  water  in  the  following 
manner: 

The  addition  of  aluminum  oxide  along  with  phosphorus  pent- 
oxide  in  water  causes  the  following  reaction: 

The aluminum  orthophosphate is formed in the  above  reaction 
as well as  orthosphoric  acid  which  attacks  the  metal  cores  to 
form  complex  phosphates  which  bond  the  aluminum  orthophosphate 
to the  surface.  Upon  heating  the  following  reaction  takes  place: 
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The  presence  of  dry  electrolytic  hydrogen  changes  the  above 
reaction so that zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA1 H P207 could  be  formed  and  also  some  further 
chemical  reaction  with  the  base  material  could  take  place,  caus- 
ing a  severe  attack  of  the  metal  tape. 

This  experiment  showed  that  aluminum  orthophosphate  was  not 
suitable  as  a  high  temperature  inorganic  insulation for magnetic 
tape  wound  cores,  since  the  magnetic  properties  would be adversely 
affected  by  the  stresses  set  up  by  the  distortion  and  sticking  of 
the  cores. 

Aluminum  orthophosphate  was  selected  because  magnesium  ox- 
ide,  presently  used  by  most  commercial  manufacturers  for  tape 
insulation  except  doubly  oriented  silicon  steel,  is  applied  as 
the  hydroxide,  Mg (OH)2, milk  of  magnesia.  The  amorphous  MgO 
used is hygroscopic. 

The  magnesium  hydroxide  when  heated  during  annealiny  con- 
verts  to  MgO  and  upon  cooling will  pickup  moisture  again. 

MgO  when  heated to a  temperature  such  as zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1200O C reacts 
with  a  steel  surface  such  as  silicon  steel  to  form  a  complex 
iron-magnesium  silicate. 

A sintered  magnesium  oxide,  sintered  at -1775 '  C, is  avail- 
able  that  does  not  hydrolyze  readily,  but  is  harder  to  apply, 
since  the  application  requires  electrostatic  attraction  and  a 
critical  particle  size. 
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