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Description 

This  invention  relates  to  a  method  for  making  permanent  magnetic  alloys.  Particularly,  this  invention  re- 
lates  to  permanent  magnet  alloys  having  high  room  temperature  coercivity  and  to  a  method  for  forming  such 

5  magnetic  alloys  as  specif  ied  in  the  preamble  of  Claim  1,  for  example  as  disclosed  in  Patent  Abstracts  of  Japan, 
Vol.  13,  Number  97  (E-723)[3445],  March  7,  1989  &  JP-A-1  208  813. 

Rapidly  solidified  neodymium,  iron,  boron  (Nd-Fe-B)  alloys  yield  high  performance,  essentially  isotropic, 
permanent  magnet  materials  whose  principal  component  is  a  tetragonal  Nd2Fe14B  phase.  The  ribbons  or  flakes 
produced  by  rapid  solidification,  i.e.,  melt-spinning,  may  be  hot-worked  by  isostatically  pressing  at  elevated 

10  temperatures  to  produce  fully  dense,  or  hot-pressed,  magnets  with  essentially  the  same  magnetic  properties 
as  the  original  ribbons.  With  further  processing,  specifically  die-upsetting,  magnetically-aligned  magnets  are 
produced  with  approximately  50  percent  higher  remanences  (Br)  and  approximately  200  percent  higher  energy 
products  [(BH)max]  compared  to  the  hot-pressed  precursor  material. 

The  process  of  magnetic  alignment  achieved  during  die-upsetting  has  been  described  as  a  diffusion  slip 
15  mechanism  which  requires  small  grain  sizes,  approximately  50  nanometres,  and  a  ductile  grain  boundary 

phase.  The  combination  of  small  grain  size  and  a  ductile  grain  boundary  phase  allows  an  orientation  of  the  c- 
axis  of  the  grains  to  take  place  along  the  press  direction  during  plastic  deformation  of  the  alloy.  Since  the  c- 
axis  is  also  the  preferred  orientation  of  the  magnetization,  the  magnetic  properties  are  enhanced  along  the 
pressed  direction  of  the  die-upset  magnets. 

20  Larger  grains  are  deleterious  to  the  alloy  since  they  do  not  respond  as  well  as  small  grains  to  the  strains 
induced  during  die-upsetting,  and  accordingly  remain  randomly  oriented,  lowering  the  remanence  and  energy 
product  of  the  alloy.  In  addition,  whether  aligned  or  not,  larger  grains  are  also  associated  with  lower  magnetic 
coercivities  in  these  materials.  It  is  therefore  desirable  to  use  lower  processing  temperatures  and  shorter  times 
at  those  temperatures  to  limit  grain  growth  within  the  alloy  during  the  hot-working  steps. 

25  Another  approach  to  limiting  grain  growth  is  to  introduce  into  the  alloy  impurities  or  additives  which  collect 
in  the  grain  boundaries.  If  the  additive  is  foreign  to  the  2-14-1  phase  present  inside  the  grain  it  must  migrate 
with  the  boundary  as  the  grain  grows  in  size,  resulting  in  slower  grain  boundary  movement,  and  thereby  slow- 
ing  grain  growth. 

Although  relatively  large  concentrations,  i.e.,  approximately  1  0  atomic  percent,  of  a  substituent  are  typically 
30  required  in  order  to  have  a  measurable  effect  on  the  intrinsic  properties  of  the  Nd2Fe14B  phase,  much  smaller 

additive  levels,  i.e.,  approximately  1  atomic  percent,  may  have  a  substantial  impact  on  the  hard  magnetic  prop- 
erties  of  a  magnet.  This  is  because  the  grain  boundary  phase,  which  plays  a  vital  role  in  grain  growth  and  do- 
main  wall  pinning  mechanisms,  may  be  preferentially  occupied  by  the  additive  creating  a  locally  high  concen- 
tration  of  that  additive  within  the  alloy. 

35  Previous  work  has  been  performed  on  the  effect  of  low-level  additives  in  die-upset  Nd-Fe-B  magnets, 
where  the  composition  of  the  magnets  was  given  as  hiduFe77B8Mi.  This  previous  work  concluded  that  gallium, 
wherein  M  =  Ga,  provided  the  largest  enhancement  of  the  magnetic  coercivity,  approximately  21.1  kiloOer- 
steds,  as  compared  to  the  additive-free  composition,  wherein  M  =  Fe,  which  had  the  lowest  magnetic  coercivity 
of  approximately  7.6  kiloOersteds.  Other  additives  have  also  enhanced  the  magnetic  coercivity  but  to  lesser 

40  degrees.  However,  the  magnetic  remanences  reported  for  all  of  these  magnets  were  lower  than  that  of  the 
additive-free  magnet,  by  as  much  as  15  percent. 

A  method  for  making  an  alloy  with  permanent  magnetic  properties  at  room  temperature  is  characterised 
by  the  features  specified  in  the  characterising  portion  of  Claim  1. 

At  present,  the  state-of-the-art  knowledge  concludes  that  additives  in  the  Nd2Fe14B-type  magnets  must 
45  be  added  into  the  alloy  at  the  initial  melting  and  casting  of  the  ingot,  prior  to  melt-spinning  and  hot-working. 

However,  the  method  of  the  present  invention  introduces  the  additive  into  the  magnetic  alloy  during  a  hot- 
pressing  step,  therefore  permitting  the  additive  and  its  concentration  to  be  adjusted  during  this  final  step.  The 
relatively  low  temperatures  used  in  hot-working  compared  to  either  melt-spinning  or  sintering,  probably  would 
help  limit  the  additive  to  the  neodymium-rich  grain  boundaries  where  they  would  most  likely  affect  grain  growth 

so  and  therefore  magnetic  coercivity. 
Thus,  what  is  needed  is  a  method  for  making  permanent  magnetic  alloys  wherein  the  additive  is  introduced 

into  the  alloy  prior  to  the  hot-working  steps. 
It  is  an  object  of  the  present  invention  to  provide  a  Nd2Fe14B-type  magnetic  alloy. 
It  is  a  further  object  of  this  invention  that  such  a  magnetic  alloy  be  formed  by  a  method  wherein  the  metal 

55  additive  is  introduced  into  the  magnetic  alloy  immediately  prior  to  a  hot-working  step. 
In  accordance  with  a  preferred  embodiment  of  this  invention,  these  and  other  objects  and  advantages  are 

accomplished  as  follows. 
The  applicants  are  the  first  to  diffusion-alloy  a  metal  additive  into  a  magnetic  alloy  during  hot-working,  thus 
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permitting  the  additive  and  its  concentration,  and  correspondingly,  the  magnetic  properties,  to  be  adjusted  dur- 
ing  this  final  processing  step.  The  relatively  low  temperatures  used  in  hot-working,  as  compared  to  other  tech- 
niques,  such  as  melt-spinning  or  sintering,  helps  limit  the  additives  to  the  neodymium-rich  grain  boundaries 

5  where  they  are  most  likely  to  effect  grain  growth  and  thus  magnetic  coercivity.  The  elemental  additives  are 
introduced  into  the  alloy  by  first  stirring  a  fine  powder  of  the  additive  into  the  crushed,  rapidly  solidified  ribbons 
prior  to  hot-pressing  of  the  alloy.  Pure  elements  were  used,  however  it  is  foreseeable  that  compounds  may 
also  be  used,  as  well  as  other  techniques  for  adding  the  additive  such  as  plating  or  spraying  techniques. 

Eleven  metal  elemental  additives  have  been  determined  to  diffuse  thoroughly  through  the  Nd-Fe-B  mag- 
10  nets  thereby  resulting  in  an  alloy  having  homogeneous  magnetic  properties  throughout,  these  additives  being 

cadmium,  copper,  gold,  iridium,  magnesium,  nickel,  palladium,  platinum,  ruthenium,  silver  and  zinc.  Other  ele- 
mental  additives  were  also  tested,  however  they  tended  to  only  diffuse  over  short  distances  (approximately 
100  micrometres)  and/or  react  with  the  Nd-Fe-B  matrix  to  form  intermetallic  phases. 

A  primary  inventive  feature  of  this  invention  is  the  diffusion-alloying  of  zinc,  in  concentrations  ranging  from 
15  approximately  0.1  weight  percent  to  approximately  10  weight  percent,  throughout  the  Nd-Fe-B  magnets.  Two 

other  powdered  additives,  copper  and  nickel,  both  at  approximately  0.5  weight  percent,  were  also  successfully 
diffusion-alloyed  into  the  Nd-Fe-B  alloys  with  this  technique.  The  resulting  magnetic  alloys  are  characterized 
by  enhanced  magnetic  properties  as  compared  to  conventionally  formed  Nd-Fe-B  magnets.  For  instance,  the 
addition  of  these  individual  elements  to  the  rapidly  solidified  ribbons  enhanced  the  magnetic  coercivity  of  the 

20  alloy  by  as  much  as  100  percent  when  the  magnetic  alloys  were  die-upset. 
Other  objects  and  advantages  of  this  invention  will  be  better  appreciated  from  a  detailed  description  there- 

of,  which  follows. 
The  invention  and  how  it  may  be  performed  are  hereinafter  particularly  described  with  reference  to  the 

accompanying  drawings,  in  which: 
25  Figures  1A,  1  B  and  1C  illustrate  various  magnetic  properties  in  relation  to  the  weight  percent  zinc  in  die- 

upset  Nd-Fe-B  magnets; 
Figures  2Aand  2B  illustrate  the  demagnetization  curves  for  two  die-upset  magnets,  (a)  a  Nd-Fe-B  alloy 
containing  approximately  0.5  weight  percent  zinc  and  (b)  an  additive-free  Nd-Fe-B  alloy,  measured  parallel 
and  perpendicular  to  the  press  direction;  and 

30  Figure  3  illustrates  the  demagnetization  curves  for  three  die-upset  Nd-Fe-B  magnets  each  containing  ap- 
proximately  0.5  weight  percent  of  an  additive,  measured  parallel  to  the  press  direction. 
Crushed  ribbon  flakes  of  rapidly  solidified  material  having  an  approximate  composition  of  Nd13.7Fe81.oB5.3 

were  used  as  the  starting  material.  The  rapidly  solidified  ribbons  were  formed  using  conventional  techniques 
wherein  first  a  mixture  is  formed  of  neodymium,  iron  and  boron,  then  the  constituents  are  melted  to  form  a 

35  homogeneous  melt,  and  lastly  the  homogeneous  mixture  is  rapidly  quenched  at  a  rate  sufficient  to  form  ribbons 
of  an  alloy  having  a  very  fine  crystalline  microstructure.  Hot-pressed  magnets  were  formed  from  these  ribbons 
by  crushing  these  ribbons,  adding  the  requisite  quantity  of  metal  additive  tothe  crushed  ribbons  and  then  heat- 
ing  the  resultant  mixture  quickly  to  about  750°-800°C  in  a  vacuum  and  pressing  isostatically  at  approximately 
100  MegaPascals.  Die-upset  magnets  were  produced  by  pressing  these  hot-pressed  precursors  in  an  over- 

40  sized  dieat750°C  until  their  original  height  was  reduced  by  approximately  60  percent.  Graphite  dies  were  used 
in  both  hot-working  steps,  and  boron  nitride  was  used  as  a  die-wall  lubricant. 

The  magnets  were  sliced  with  a  high-speed  diamond  saw,  yielding  both  (1)  cross-sections  for  microscopy 
analysis  and  (2)  50  milligram  cubes  for  demagnetization  measurements  on  a  vibrating  sample  magnetometer 
(VSM).  All  samples  were  pre-magnetized  in  a  pulsed  field  of  120  kiloOersteds  (kOe)  and  then  measured  with 

45  the  VSM  in  directions  parallel  and  perpendicular  to  the  pressed  direction.  A  self-demagnetization  factor  of  one- 
third  was  used  to  correct  for  the  geometry  of  the  sample.  Unless  otherwise  indicated,  the  values  given  through- 
out  this  specification  for  magnetic  remanence  (Br),  magnetic  coercivity  (Hci)  and  magnetic  energy  product 
[(BH)max]  of  the  magnetic  alloy  will  always  refer  to  the  direction  parallel  to  the  pressing.  Densities  of  the  alloys 
were  also  measured  using  the  standard  water  displacement  technique. 

so  The  powdered  elemental  additives  used  were  characterized  by  a  fine  particle  size,  i.e.,  less  than  75  mi- 
crometres  for  zinc,  less  than  45  micrometres  for  the  copper  and  manganese,  and  less  than  10  micrometres 
for  the  nickel.  The  powdered  elemental  additives  were  individually  added  to  the  rapidly  solidified  and  crushed 
Nd-Fe-B  ribbons  by  weight.  Therefore,  for  example,  1  weight  percent  zinc  additive  corresponds  to  a  mixture 
containing  about  1  weight  percent  powdered  zinc  and  99  weight  percent  crushed  Nd-Fe-B  ribbons. 

55  Die-upset  Nd-Fe-B  magnets  were  formed  from  the  hot-pressed  precursors  containing  the  various  elemen- 
tal  additives  as  described  by  the  method  above.  The  densities  and  magnetic  properties  of  die-upset,  zinc- 
containing  magnets  are  summarized  in  Table  I. 

3 
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T a b l e   I.  The  d e n s i t y   and  m a g n e t i c   p r o p e r t i e s   o f  

d i e - u p s e t   N d - F e - B   m a g n e t s   f o r m e d   f r o m  

h o t - p r e s s e d   N d - F e - B   p r e c u r s o r s   c o n t a i n i n g  

d i f f u s i o n - a l l o y e d   z i n c .   The  m a g n e t i c  

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

( p e r p e n d i c u l a r )   to  t he   p r e s s   d i r e c t i o n .  

Zinc  D e n s i t y   B  (BH)  H  . 1  r  'max  c i  
wt%  g / c c   kG  MGOc  kOe 

0.0  7 .57   12.1  ( 3 . 5 )   30 .9   ( 2 . 3 )   7.9  ( 1 0 . 2 )  

0.1  7 .62   12.3   ( 3 . 4 )   34.1   ( 2 . 1 )   10 .9   (  9 . 8 )  

0 .2  7 .60   12.2  ( 3 . 6 )   33 .4   ( 2 . 5 )   14.0  ( 1 1 . 6 )  

0 .5  7 .58   12 .0   ( 3 . 6 )   32 .4   ( 2 . 2 )   15 .3   ( 1 1 . 2 )  

0 .8  7 .57   11.9  ( 3 . 7 )   31 .4   ( 2 . 6 )   15.8  ( 1 2 . 6 )  

1.0  7 .60   11 .7   ( 4 . 1 )   3 0 . 6   ( 3 . 2 )   13 .6   ( 1 2 . 8 )  

2 .5  7 .58   11.5  ( 3 . 8 )   25 .6   ( 2 . 6 )   7.4  (  9 . 2 )  

5 .0  7 . 5 5   11.0   ( 4 . 2 )   2 2 . 4   ( 2 . 7 )   7 .8   (  7 . 7 )  

10  7 .56   9.2  ( 3 . 9 )   9.7  ( 0 . 8 )   3.7  (  2 . 1 )  

30  From  the  results  tabulated  in  Table  I,  it  is  apparent  that  the  optimum  amount  of  zinc  additive  within  the 
Nd-Fe-B  precursors  is  about  0.5  to  0.8  weight  percent,  which  corresponds  to  the  results  shown  in  Figures  1  A, 
1B  and  1C,  and  in  Figures  2Aand  2B.  Figures  1A,  1B  and  1C  illustrate  various  magnetic  properties  versus 
weight  percent  zinc  in  die-upset  Nd-Fe-B  magnets.  In  particular,  Figure  1  A  shows  coercivity  (Hci)  vs.  weight 
percent  zinc;  Figure  1B  shows  remanence  (Br)  vs.  weight  percent  zinc;  and  Figure  1C  shows  energy  product 

35  [(BH)max]  vs.  weight  percent  zinc.  For  comparison  purposes,  the  corresponding  magnetic  properties  of  the  zinc- 
free  Nd-Fe-B  magnet  are  indicated  with  dashed  lines  in  each  Figure. 

As  shown  in  Figures  1A  and  1B,  for  the  Nd-Fe-B  magnets  having  approximately  0.5-0.8  weight  percent 
zinc,  the  magnetic  coercivities  of  15.3  and  15.8  kOe  respectively,  were  double  that  of  the  additive-free  magnet, 
7.9  kOe.  At  higher  concentrations  the  gain  in  magnetic  coercivity  was  reversed,  and  all  magnetic  properties 

40  deteriorated  markedly  with  additions  of  approximately  10  weight  percent  zinc.  The  0.5  weight  percent  zinc  and 
zinc-free  magnets  have  essentially  the  same  remanence,  Br  =  12  kG,  and  energy  product,  (BH)max  =  31-32 
MGOe. 

In  addition,  as  shown  in  Figures  2Aand  2B,  the  knee  of  the  demagnetization  curve  occurred  at  propor- 
tionally  larger  reverse  fields  in  the  zinc-containing  magnets.  Figures  2Aand  2B  illustrate  the  demagnetization 

45  curves  for  die-upset  Nd-Fe-B  magnets.  Figure  2A  containing  about  0.5  weight  percent  zinc,  and  Figure  2B  being 
zinc-free.  Measurements  were  made  parallel  (par.)  and  perpendicular  (perp.)  to  the  press  direction.  Again,  for 
comparative  purposes,  a  vertical  dashed  line  is  provided  corresponding  to  the  parallel  direction  magnetic  co- 
ercivity  measurement  of  the  0.5  weight  percent  zinc-containing  Nd-Fe-B  magnet. 

Figure  3  illustrates  the  demagnetization  curves  for  three  different  die-upset  Nd-Fe-B  magnets  each  con- 
50  taining  0.5  weight  percent  of  a  different  additive:  copper  (solid  line),  nickel  (dashed  line)  and  manganese  (dotted 

line).  Measurements  were  made  parallel  to  the  press  direction.  As  with  zinc,  the  addition  of  copper  and  nickel 
powders  at  approximately  0.5  weight  percent  also  increased  the  coercivity  of  the  die-upset  Nd-Fe-B  magnet, 
to  14.0  and  12.1  kOe,  respectively.  In  contrast  manganese  powder  was  also  used  as  an  additive,  but  had  no 
measurable  effect  on  the  coercivity,  Hci  =  7.6  kOe.  The  copper-containing  magnet  had  a  larger  magnetic  re- 

55  manence,  Br=  12.7  kG,  than  magnets  containing  zinc,  nickel  or  manganese,  wherein  the  magnetic  remanence 
equalled  approximately  12  kG.  However  this  was  most  likely  due  to  variations  in  press  conditions  and  not  the 
additive. 

To  locate  the  position  of  the  added  elements  within  the  Nd-Fe-B  magnetic  alloy,  electron  microprobe  ana- 
lysis  was  used  to  examine  the  polished  surface  of  the  hot-worked  samples  containing  respectively  approxi- 

4 
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mately  0.5  weight  percent  zinc,  copper,  nickel  and  manganese.  It  was  determined  that  nearly  all  of  the  zinc 
powder  had  reacted  with  the  ribbon  matrix.  However,  some  of  the  zinc  was  present  within  an  inter-ribbon,  or 
grain  boundary  phase,  with  an  approximate  composition  of  Zn4Nd31Fe65.  The  zinc  may  also  have  been  present 

5  in  other  less  obvious  intermetallic  phases  within  the  boundary  regions.  However  most  of  the  zinc  diffused  into 
the  ribbons,  or  grains,  themselves.  Yet,  due  to  the  small  quantity  of  additive,  the  ribbons,  or  grains,  are  believed 
to  be  primarily  made  up  of  the  tetragonal  Nd2Fe14B  phase. 

Copper  and  nickel  diffused  throughout  the  magnet  in  a  manner  similar  to  zinc.  However,  the  diffusion  of 
manganese,  approximately  0.5  weight  percent,  was  limited  to  a  region  within  100-200  micrometers  of  the  orig- 

10  inal  grains  of  powdered  additive.  Without  the  ability  to  diffuse,  manganese  was  less  able  to  influence  the  co- 
ercivity  of  the  magnet. 

Zinc  levels  varied  from  ribbon  to  ribbon  and  showed  a  strong  correlation  with  neodymium  levels.  Zinc  was 
more  concentrated  in  ribbons  which  were  also  richer  in  neodymium.  The  variation  in  neodymium  concentrations 
was  probably  due  to  production  processes  since  this  pattern  was  also  observed  in  the  zinc-free  magnet.  It  is 

15  presumed  that  the  zinc  diffused  into  the  intergranular  boundaries  within  the  ribbons  which  are  neodymium- 
rich,  and  since  neodymium-rich  ribbons  should  have  a  greater  volume  percent  of  this  boundary  phase,  a  greater 
percentage  of  the  zinc  would  collect  in  these  ribbons. 

It  should  be  noted  that  gallium,  which  has  resulted  in  the  largest  coercivity  enhancement  when  added  to 
an  ingot,  was  difficult  to  obtain  and  handle  as  a  powder  because  of  its  low  melting  temperature.  However,  initial 

20  tests  with  a  coarse  gallium  powder  revealed  that  although  it  diffused  into  nearby  ribbons,  the  bulkof  the  gallium 
was  tied  up  as  intermetallic  phases,  and,  just  as  with  the  manganese,  adding  the  gallium  did  not  alter  signif- 
icantly  the  magnetic  coercivity  of  the  alloy. 

Diffusion-alloying  has  been  shown  to  be  an  effective  process  of  introducing  low-level  additives  into  hot- 
worked  Nd-Fe-B  magnets.  Although  similar  magnetic  coercivities  have  been  previously  obtained  by  adding  ele- 

25  ments  to  the  initial  ingot,  diffusion-alloying  during  hot-working  permits  the  final  chemistry  of  the  magnet  and, 
more  specifically,  the  grain  boundaries  to  be  determined  during  the  final  processing  steps.  Elements  which 
diffuse  into  the  matrix,  such  as  zinc,  copper  and  nickel,  enhance  the  coercivity  by  as  much  as  100  percent  in 
die-upset  Nd-Fe-B  magnetic  alloys.  The  coercivity  was  less  affected  by  elements  which  did  not  diffuse  readily, 
such  as  manganese.  At  optimum  levels,  approximately  0.5-0.8  weight  percent,  the  additives  did  not  diminish 

30  the  magnetic  remanence  or  the  magnetic  energy  product  of  the  alloy. 
Whilst  the  invention  has  been  described  in  terms  of  preferred  embodiments,  it  is  apparent  that  otherforms 

could  be  adopted  by  one  skilled  in  the  art,  such  as  by  substituting  compound  powder  additives  for  elemental 
powder  additives,  or  by  substituting  any  of  the  eleven  elements  believed  to  diffuse  thoroughly  through  the  Nd- 
Fe-B  magnetic  alloys,  i.e.,  cadmium,  copper,  gold,  iridium,  magnesium,  nickel,  palladium,  platinum,  ruthenium, 

35  silver  and  zinc,  or  by  modifying  the  heating  and  processing  temperatures  to  promote  diffusion  within  the  grain 
boundaries  of  the  alloy.  In  addition,  it  is  foreseeable  that  other  methods  may  be  used  to  introduce  the  additive 
into  the  rapidly  solidified  Nd-Fe-B  alloy,  such  as  by  using  wet  chemical  plating  techniques  which  would  result 
in  homogeneous  ionic  deposition  of  the  additive  on  the  surface  of  the  individual  ribbons,  or  by  plasma  or  metal 
spraying  techniques.  Accordingly  the  scope  of  the  present  invention  is  to  be  determined  only  by  the  following 

40  claims. 

Claims 

45  1.  A  method  for  making  an  alloy  with  permanent  magnetic  properties  at  room  temperature  comprising  the 
steps  of:  forming  a  mixture  of  neodymium,  iron  and  boron;  melting  the  mixture  to  form  a  homogeneous 
melt;  rapidly  quenching  said  homogeneous  melt  at  a  rate  which  will  form  an  alloy  having  a  very  fine  crys- 
talline  microstructure;  adding  a  metal  additive  to  said  alloy  to  form  a  mixture;  heating  said  mixture;  and 
applying  pressure  to  said  heated  mixture  to  consolidate  it  to  near  full  density  in  a  non-oxidising  atmos- 

50  phere,  characterised  in  that  the  metal  additive  is  an  elemental  additive  of  either  cadmium,  copper,  gold, 
iridium,  magnesium,  nickel,  palladium,  platinum,  ruthenium,  silver  or  zinc,  and  is  added  in  quantities  of 
up  to  one  weight  percent  of  said  mixture;  and  the  mixture  of  said  alloy  and  metal  additive  is  heated  to  a 
temperature  between  750°C  and  800°C  during  said  hot-pressing  step  to  diffusion-alloy  the  metal  additive 
into  the  alloy. 

55 
2.  A  met  hod  for  making  an  alloy  with  permanent  magnetic  properties  at  room  temperature  according  to  claim 

1  ,in  which  the  method  also  includes  the  step  of  further  working  said  consolidated  alloy  to  induce  additional 
magnetic  anisotropy  therein,  said  consolidated  alloy  having  a  magnetic  coercivity  of  at  least  10,000  Oer- 
steds. 
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3.  A  met  hod  for  making  an  alloy  with  permanent  magnetic  properties  at  room  temperature  according  to  claim 
1,  in  which  the  metal  additive  is  a  powdered  metal  comprising  zinc,  copper  or  nickel. 

4.  A  met  hod  for  making  an  alloy  with  permanent  magnetic  properties  at  room  temperature  according  to  claim 
1  ,  in  which  the  metal  additive  comprises  0.5  to  0.8  weight  percent  of  powdered  zinc,  and  the  alloy  mixture 
is  consolidated  to  near  full  density  by  isostatically  applying  a  pressure  of  about  100  MegaPascals  to  said 
heated  alloy  mixture. 

5.  A  met  hod  for  making  an  alloy  with  permanent  magnetic  properties  at  room  temperature  according  to  claim 
4,  in  which  the  method  includes  the  step  of  further  working  said  consolidated  alloy  by  pressing  it  at  about 
750°C  for  a  duration  sufficient  to  reduce  the  original  height  of  said  consolidated  alloy  by  about  60  percent, 
so  as  to  induce  additional  magnetic  anisotropy  therein. 

6.  A  met  hod  for  making  an  alloy  with  permanent  magnetic  properties  at  room  temperature  according  to  claim 
1  ,  in  which  about  0.5  weight  percent  powdered  copper  is  added  to  said  alloy;  and  a  pressure  of  about  1  00 
MegaPascals  is  isostatically  applied  to  said  heated  alloy  mixture  to  consolidate  it  to  near  full  density. 

7.  A  met  hod  for  making  an  alloy  with  permanent  magnetic  properties  at  room  temperature  according  to  claim 
6,  in  which  the  method  includes  the  step  of  further  working  said  consolidated  alloy  by  pressing  it  at  about 
750°C  for  a  duration  sufficient  to  reduce  the  original  height  of  said  consolidated  alloy  by  about  60  percent, 
so  as  to  induce  additional  magnetic  anisotropy  therein. 

8.  A  met  hod  for  making  an  alloy  with  permanent  magnetic  properties  at  room  temperature  according  to  claim 
1,  in  which  about  0.5  weight  percent  powdered  nickel  is  added  to  said  alloy;  and  a  pressure  of  about  100 
MegaPascals  is  isostatically  applied  to  said  heated  alloy  mixture  to  consolidate  it  to  near  full  density. 

9.  A  met  hod  for  making  an  alloy  with  permanent  magnetic  properties  at  room  temperature  according  to  claim 
8,  in  which  the  method  includes  the  step  of  further  working  said  consolidated  alloy  by  pressing  it  at  about 
750°C  for  a  duration  sufficient  to  reduce  the  original  height  of  said  consolidated  alloy  by  about  60  percent, 
so  as  to  induce  additional  magnetic  anisotropy  therein. 

10.  A  mixture  suitable  for  forming  an  alloy  with  permanent  magnetic  properties  at  room  temperature  resulting 
from  a  method  according  to  claim  1,  said  mixture  comprising  a  powdered  alloy  of  neodymium,  iron  and 
boron  characterised  by  a  very  finely  crystalline  microstructure,  and  up  to  one  weight  percent  of  a  pow- 
dered  metal  chosen  from  cadmium,  copper,  gold,  iridium,  magnesium,  nickel,  palladium,  platinum,  ruthe- 
nium,  silver  or  zinc. 

Patentanspruche 

1.  Ein  Verfahren  zur  Herstellung  einer  Legierung  mit  permanentmagnetischen  Eigenschaften  bei  Raumtem- 
peratur,  das  die  Schritte  umfalit,  dali:  eine  Mischung  von  Neodym,  Eisen  und  Bor  gebildet  wird;  die  Mi- 
schung  geschmolzen  wird,  urn  eine  homogene  Schmelze  zu  bilden;  die  homogene  Schmelze  mit  einer 
Rate  schnell  abgeschreckt  wird,  welche  eine  Legierung  mit  einer  sehrfeinen  kristallinen  Mikrostruktur  bil- 
den  wird;  ein  Metallzusatzstoff  zu  der  Legierung  zugesetztwird,  urn  eine  Mischung  zu  bilden;  die  Mi- 
schung  erhitztwird;  und  Druckauf  die  erhitzte  Mischung  angelegt  wird,  urn  sie  zu  nahezu  vollstandiger 
Dichte  in  einer  nichtoxidierenden  Atmosphare  zu  verdichten,  dadurch  gekennzeichnet,  dali  der  Metallzu- 
satzstoff  ein  elementarerZusatzstoff  von  entweder  Cadmium,  Kupfer,  Gold,  Iridium,  Magnesium,  Nickel, 
Palladium,  Platin,  Ruthenium,  SilberoderZink  ist,  und  in  Mengen  von  bis  zu  1  Gew-%  der  Mischung  zu- 
gesetztwird;  und  die  Mischung  der  Legierung  und  des  Metallzusatzes  auf  eine  Temperatur  zwischen  750° 
und  800°C  wahrend  des  Warmprelischrittes  geheizt  wird,  urn  den  Metallzusatzstoff  in  die  Legierung  hin- 
ein  diffusionszulegieren. 

2.  Ein  Verfahren  zur  Herstellung  einer  Legierung  mit  permanentmagnetischen  Eigenschaften  bei  Raumtem- 
peratur  nach  Anspruch  1  ,  in  welchem  das  Verfahren  auch  den  Schritt  umfalit,  dali  die  verdichtete  Legie- 
rung  weiter  bearbeitet  wird,  urn  eine  zusatzliche  magnetische  Anisotropie  dorthinein  zu  induzieren,  wobei 
die  verdichtete  Legierung  eine  magnetische  Koerzitivkraft  von  mindestens  10.000  Oersted  hat. 

3.  Ein  Verfahren  zur  Herstellung  einer  Legierung  mit  permanentmagnetischen  Eigenschaften  bei  Raumtem- 

6 



EP  0  434  113  B1 

peratur  nach  Anspruch  1  ,  in  welchem  der  Metallzusatzstoff  ein  pulverisiertes  Metall  ist,  das  Zink,  Kupfer 
oder  Nickel  umfalit. 

4.  Ein  Verfahren  zur  Herstellung  einer  Legierung  mit  permanentmagnetischen  Eigenschaften  bei  Raumtem- 
peratur  nach  Anspruch  1,  in  welchem  der  Metallzusatzstoff  0,5  bis  0,8  Gew.-%  von  pulverisiertem  Zink 
umfalit  und  die  Legierungsmischung  auf  nahezu  voile  Dichte  verdichtet  wird,  indem  isostatisch  ein  Druck 
von  ungefahr  100  MegaPascal  auf  die  erhitzte  Legierungsmischung  angelegt  wird. 

5.  Ein  Verfahren  zur  Herstellung  einer  Legierung  mit  permanentmagnetischen  Eigenschaften  bei  Raumtem- 
peratur  nach  Anspruch  4,  in  welchem  das  Verfahren  den  Schritt  einschlielit,  dali  die  verdichtete  Legierung 
weiter  bearbeitet  wird,  indem  sie  bei  ungefahr  750°C  fur  eine  hinreichende  Dauer  geprelit  wird,  urn  die 
ursprtingliche  Hohe  der  verdichteten  Legierung  urn  ungefahr  60  %  zu  verringern,  urn  so  zusatzliche  ma- 
gnetische  Anisotropie  dorthinein  zu  induzieren. 

6.  Ein  Verfahren  zur  Herstellung  einer  Legierung  mit  permanentmagnetischen  Eigenschaften  bei  Raumtem- 
peratur  nach  Anspruch  1  ,  in  welchem  ungefahr  0,5  Gew.-%  pulverisiertes  Kupfer  der  Legierung  zugefugt 
wird;  und  ein  Druck  von  ungefahr  100  MegaPascal  isostatisch  auf  die  erhitzte  Legierungsmischung  an- 
gelegt  wird,  urn  sie  zu  nahezu  voller  Dichte  zu  verdichten. 

7.  Ein  Verfahren  zur  Herstellung  einer  Legierung  mit  permanentmagnetischen  Eigenschaften  bei  Raumtem- 
peratur  nach  Anspruch  6,  in  welchem  das  Verfahren  den  Schritt  umfalit,  dali  die  verdichtete  Legierung 
weiter  bearbeitet  wird,  indem  sie  bei  ungefahr  750°C  fur  eine  Dauer  geprelit  wird,  die  hinreichend  ist,  urn 
die  ursprtingliche  Hohe  der  verdichteten  Legierung  urn  ungefahr  60  %  zu  verringern,  urn  so  eine  zusatz- 
liche  magnetische  Anisotropie  dorthinein  zu  induzieren. 

8.  Ein  Verfahren  zur  Herstellung  einer  Legierung  mit  permanentmagnetischen  Eigenschaften  bei  Raumtem- 
peratur  nach  Anspruch  1  ,  in  welchem  ungefahr  0,5  Gew.-%  pulverisiertes  Nickel  der  Legierung  zugefugt 
werden;  und  ein  Druck  von  ungefahr  100  MegaPascal  isostatisch  auf  die  erhitzte  Legierungsmischung 
angelegt  wird,  urn  sie  zu  nahezu  vollstandiger  Dichte  zu  verdichten. 

9.  Ein  Verfahren  zur  Herstellung  einer  Legierung  mit  permanentmagnetischen  Eigenschaften  bei  Raumtem- 
peratur  nach  Anspruch  8,  in  welchem  das  Verfahren  den  Schritt  umfalit,  dali  die  verdichtete  Legierung 
weiter  bearbeitet  wird,  indem  sie  bei  ungefahr  750°C  fur  eine  Dauer  geprelit  wird,  die  hinreichend  ist,  urn 
die  Original  hohe  der  verdichteten  Legierung  urn  ungefahr  60  %zu  verringern,  urn  so  eine  zusatzliche  ma- 
gnetische  Anisotropie  dorthinein  zu  induzieren. 

10.  Eine  Mischung,  die  geeignet  ist,  eine  Legierung  mit  permanentmagnetischen  Eigenschaften  bei  Raum- 
temperatur  zu  bilden,  die  aus  einem  Verfahren  nach  Anspruch  1  resultiert,  worin  die  Mischung  eine  pul- 
verisierte  Legierung  von  Neodym,  Eisen  und  Bor  umfalit,  gekennzeichnet  durch  eine  sehrfein  kristalline 
Mikrostruktur  und  bis  zu  einem  Gew.-%  eines  pulverisierten  Metalls,  das  aus  Cadmium,  Kupfer,  Gold,  Iri- 
dium,  Magnesium,  Nickel,  Palladium,  Platin,  Ruthenium,  Silber  oder  Zink  gewahlt  wird. 

Revendications 

1.  Methode  de  fabrication  d'un  alliage  ayant  des  proprietes  magnetiques  permanentes  a  temperature  am- 
biante,  methode  comprenantles  etapes  suivantes  :  on  prepare  un  melange  de  neodyme,  defer  etde  bore; 
on  fond  le  melange  pour  obtenir  un  fondu  homogene;  on  trempe  rapidement  ce  fondu  homogene  a  une 
vitesse  donnant  un  alliage  presentant  une  microstructure  cristalline  tres  fine;  on  ajoute  un  additif  metalli- 
que  a  cet  alliage  pour  obtenir  un  melange;  on  chauffe  ce  melange;  et  on  applique  une  pression,  sous  une 
atmosphere  non-oxydante,  a  ce  melange  chauffe,  pour  le  consolider  presque  jusqu'a  sa  pleine  densite; 
laquelle  methode  est  caracterisee  en  ce  que  I'additif  metallique  est  un  additif  elementaire  parmi  le  cad- 
mium,  le  cuivre,  Tor,  I'iridium,  le  magnesium,  le  nickel,  le  palladium,  le  platine,  le  ruthenium,  I'argent  ou 
le  zinc,  et  que  cet  additif  est  ajoute  en  quantites  allant  jusqu'a  un  pourcent  en  poids  dudit  melange;  et  en 
ce  que  le  melange  dudit  alliage  et  de  I'additif  metallique  est  chauffe  jusqu'a  une  temperature  comprise 
entre  750  et  800°C  pendant  ladite  etape  de  pressage  a  chaud,  pour  allier  par  diffusion  I'additif  metallique 
a  I'alliage. 

2.  Methode  de  fabrication  d'un  alliage  ayant  des  proprietes  magnetiques  permanentes  a  temperature  am- 
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biante,  selon  la  revendication  1  ,  laquelle  methode  comprend  egalement  I'etape  consecutive  de  travail  du- 
dit  alliage  consolide  poury  induire  encore  une  anisotropie  de  ses  proprietes  magnetiques,  I'alliage  conso- 
lide  ayant  une  coercivite  magnetique  d'au  moins  10  000  Oersteds. 

Methode  de  fabrication  d'un  alliage  ayant  des  proprietes  magnetiques  permanentes  a  temperature  am- 
biante,  selon  la  revendication  1  ,  dans  laquelle  I'additif  metallique  est  une  poudre  d'un  metal  parmi  le  zinc, 
le  cuivre  et  le  nickel. 

Methode  de  fabrication  d'un  alliage  ayant  des  proprietes  magnetiques  permanentes  a  temperature  am- 
biante,  selon  la  revendication  1,  dans  laquelle  I'additif  metallique  comprend  de  0,5  a  0,8  %  en  poids  de 
poudre  de  zinc,  et  le  melange  d'alliage  est  consolide  presque  jusqu'a  sa  pleine  densite  en  appliquant  isos- 
tatiquement  une  pression  d'environ  100  MegaPascals  sur  ledit  melange  d'alliage  chauffe. 

Methode  de  fabrication  d'un  alliage  ayant  des  proprietes  magnetiques  permanentes  a  temperature  am- 
biante,  selon  la  revendication  4,  laquelle  methode  comprend  I'etape  consecutive  de  transformation  dudit 
alliage  consolide  en  le  soumettant  a  une  pression,  a  environ  750°C,  pendant  une  periode  de  temps  suf- 
f  isante  pour  reduire  sa  hauteur  de  depart  d'environ  60  %,  de  maniere  a  y  induire  en  outre  une  anisotropie 
de  ses  proprietes  magnetiques. 

Methode  de  fabrication  d'un  alliage  ayant  des  proprietes  magnetiques  permanentes  a  temperature  am- 
biante,  selon  la  revendication  1  ,  dans  laquelle  environ  0,5  %  en  poids  de  poudre  de  cuivre  est  ajoute  audit 
alliage,  etune  pression  d'environ  100  MegaPascals  est  appliquee  isostatiquement  sur  ledit  melange  d'al- 
liage  chauffe,  pour  le  consolider  presque  jusqu'a  sa  pleine  densite. 

Methode  de  fabrication  d'un  alliage  ayant  des  proprietes  magnetiques  permanentes  a  temperature  am- 
biante,  selon  la  revendication  6,  laquelle  methode  comprend  I'etape  consecutive  de  transformation  dudit 
alliage  consolide  en  le  soumettant  a  une  pression,  a  environ  750°C,  pendant  une  periode  de  temps  suf- 
f  isante  pour  reduire  sa  hauteur  de  depart  d'environ  60  %,  de  maniere  a  y  induire  en  outre  une  anisotropie 
de  ses  proprietes  magnetiques. 

Methode  de  fabrication  d'un  alliage  ayant  des  proprietes  magnetiques  permanentes  a  temperature  am- 
biante,  selon  la  revendication  1  ,  dans  laquelle  environ  0.5  %  en  poids  de  poudre  de  nickel  est  ajoute  audit 
alliage,  etune  pression  d'environ  100  MegaPascals  est  appliquee  isostatiquement  sur  ledit  melange  d'al- 
liage  chauffe,  pour  le  consolider  pratiquement  jusqu'a  sa  pleine  densite. 

Methode  de  fabrication  d'un  alliage  ayant  des  proprietes  magnetiques  permanentes  a  temperature  am- 
biante,  selon  la  revendication  8,  laquelle  methode  comprend  I'etape  consecutive  de  transformation  dudit 
alliage  consolide  en  le  soumettant  a  une  pression,  a  environ  750°C,  pour  une  periode  de  temps  suff  isante 
pour  reduire  sa  hauteur  de  depart  d'environ  60  %,  de  maniere  a  y  induire  une  anisotropie  de  ses  proprietes 
magnetiques. 

Melange  approprie  pour  realiser  un  alliage  ayant  des  proprietes  magnetiques  permanentes  a  temperature 
ambiante  et  obtenu  par  une  methode  selon  la  revendication  1,  lequel  melange  comprend  un  alliage  en 
poudre  de  neodyme,  de  fer  et  de  bore,  caracterise  par  une  microstructure  cristalline  tres  fine,  et  jusqu'a 
1  %  en  poids  d'une  poudre  d'un  metal  choisi  parmi  le  cadmium,  le  cuivre,  I'or,  I'iridium,  le  magnesium,  le 
nickel,  le  palladium,  le  platine,  le  ruthenium,  I'argent  et  le  zinc. 
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