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ABSTRACT 

Magnetic materials comprising Fe, B, R (rare earth 
elements) and Co having a major phase of Fe-Co-B-R 
intermetallic compound(s) of tetragonal system, and 
sintered anisotropic permanent magnets consisting es 
sentially of, by atomic percent, 8-30% R (at least one of 
rare earth elements inclusive of Y), 2—28% B, no less 
than 50% Co, and the balance being Fe with impurities. 
Those may contain additional elements M (Ti, Ni, Bi, V, 
Nb, Ta, Cr, Mo, W, Mn, A1, Sb, Ge, Sn, Zr, Ht) provid 
ing Fe-Co-B-R-M type materials and magnets. 

40 Claims, 16 Drawing Sheets 

6'0 80 " 

11 Co (61%) 



4,792,368 
Page 2 

OTHER PUBLICATIONS 

Hadjipanaysis et al, “Electronic and Magnetic Proper 
ties of Rare-Earth-Transition-Metal Glasses”, Sep. 27, 
1979, PP. 101-107. 
Croat, “Magnetic Hardening of Pr-Fe and Nd-Fe Al 
loys by Melt Spinning”, J. Appl. Phys., Apr. 4, 1982, pp. 
3161-3169. 
“Powder Metallurgy-Applied Products (ID-Magnetic 
Materials”, 1964. 
Chikazumi et al, “Magnetic Body Handbook”, 1975. 
“Hard Magnetic Material”, vol. 3, Magnetic Engineer 
ing Seminar, edited by Ida et al. 
Kaneko et al, “Magnetic Materials”, Nov. 1977. 
“Magnetic Materials of Modern Age”, edited by 
Mito-Kako-Gijutsu Kyokai, Jun. 5, 1981. 
Chapter 14, “Handbook on the Physics and Chemistry 
of Rare Earths”, vol. 2, Magnetic Properties of Inter 
metallic Compounds . . . , pp. 55-56, 155-161. 

Neumann et a1, “Line Start Motors Designed with Nd- 
Fe-B Permanent Magnets”, pp. 77-89, May 1985. 

_ Burzo, “Some New Results in the Field of Magnetism 
of Rare-Earth Compounds”, pp. 1-17, and drawings, 
Mar. 1985. 
Ormerod, “Processing and Physical Metallurgy of 
NdFeB and Other R.E. Magnets”, Pre-Print, pp. 69-92, 
Oct. 1984. 
Hadjipanayis et al, Final Technical Report: OOOlAE, 
“Investigation of Crystalline Iron-Platinum Nickel and 
Amorphous Rare Earth . . . ”, Mar. 15, 1983. 
Koo, IEEE Transactions on Magnetics, vol. MAG-20, 
No. 5, Sep. 1984, “Partial Substitution of SM with Neo 
dymium, Praseodymium, . . . ”. 

- Givord, “Crystal Chemistry and Magnetic Properties of 
the RZFeMB Family of Compounds”, Pre-Print, pp. 
131-142, Oct. 1984. 
Lee, Appl. Phys. Lett. 46, vol. 8, Apr. 15, 1985, “Hot- 
Pressed Neodymium-Iron-Boron Magnets”, pp. 
790-791. 
Chapter 15, “Handbook on the Physics and Chemistry 
of Rare Earths”, vol. 2, 1979, Magnetostrictive RFeg 
Intermetallic Compounds, pp. 231-241. 
Greedan et al, Jour. of Solid State Chemistry, 6, 1975, 
“An Analysis of the Rare Earth Contribution to the 
Magnetic . . . ”, pp. 387-395. 

Lee, J. Appl. Phys., vol. 52, Mar. 1981, “The Future of ' 
Rare Earth-Transition Metal Magnets of Type 
REZTM17”, pp. 2549-2553. 
Ohashi, “Effects of Praseodymium Substitution of Pre 
cipitation Hardened Rare Earth Magnets”, pp. 493-501, 
Jun. 1981. 
J. J. Croat, “Permanent Magnet Properties of Rapidly 
Quenched Rare Earth-Iron Alloys”, IEEE Trans. 
Mag, vol. MAG-18, No. 6, Nov. 1982, pp. 1442-1447. 
R. K. Mishra, “Microstructure of Melt-Spun Neodymi 
um-Iron-Boron Magnets”, International Conference 
on Magnetism, 1985. 
Koon et a], “Rare Earth Transition Metal Exchange 
Interactions in Amorphous (Fe0_g2B0_18)0_9RxLa0_1_x 
Alloys”, J. Appl. Phys., 53(3), Mar. 1982, pp. 
2333-2334. 
Koon et al, “Abstract: A New Class of Melt Quenched 
Amorphous Magnetic Alloys”, .1. Appl. Phys., 52(3), 
Mar. 1981, p. 2535. 
Koon et al, “Magnetic Properties of Amorphous and 
crystallized (FeoszBo.1s)o.9Tbo.5sL?0.0s”, Appl- Phys 
Lett., 39(10), Nov. 15, 1981, pp. 840-842. 
Elmasry et al, “Substitution of Iron for Cobalt in Rare 
Earth Boride Permanent Magnets of the Type 
Co3n+5Smn+1B2n”, Z. Metallkde, 1983, pp. 86-88. 
E1 Marry et 211, “Phase Equilibria in the Co-Sm-B Sys 
tem”, J. Less Common Metals, Jan. 1984, pp. 165-170. 
Topp, The Chemistry of the Rare Earth Elements, 1965, 
pp. 1-13. 
Gschneidner et al, Handbook on the Physics and Chemis 
try of Rare Earths, vol. 2-All0ys and Intermetallics, 1979, 
pp. 259-294. _ 

Croat, “Preparation and Coercive Force of Melt Spun 
Pr-Fe Alloys”, Appl. Phys. Lett., 37(12), Dec. 15, 1980, 
pp. 1096-1098. 
Ojima et al, “Magnetic Properties of a New Type of 
Rare-Earth Cobalt Magnets Sm2(Co,Cu,Fe,M)17”, 
IEEE Trans. on Mag., Sep. 1977, pp. 1317-1319. 
Nagel et al, “In?uence of Cu Content on the Hard 
Magnetic Properties of Sm (Co,Cu) 2:17 Compounds”, 
IEEE Tran. on Mag., Sep. 1978, pp. 671-673. 
Stadelmaier, “The Neodymium-Iron Permanent Mag 
net Breakthrough”, Mag. Mat. Prod. Assoc. Workshop, 
Atlanta, GA, Jan. 26, 1984. 
Robinson, “Powerful New Magnet Material Formed”, 
Science, Mar. 2, 1984. 

(List continued on next page.) 



4,792,368 
Page 3 

OTHER PUBLICATIONS 

Chalan et a1, “Ternary (Ncl-Sm-Ggl)-Fe-B Systems”, 
Dopov. Akad. Nauk URSR, Ser. A: Fiz.-Mat. Tekl. 
Nauki, 10. PP. 873-876, 1979. 
NEOMAX-Neodymium-Iron Magnet, Sumitomo Spe 
cial Metals Co. Ltd-brochure. 
Japanese High Technology, vol. 4, No. 5, Aug. 1984. 
“Strongest Magnet Unveiled”, Maunichi Daily News, 
Saturday, Jun. 4, 1983. 
El Marry et al, “Magnetic Moments and Coercive 
Forces in Hexagonal Boride Homologous Series 
Co3n+5Rn+1Bzn with R=Gcl and Sm”, Z. Metallkde, 
1983, pp. 33-37. 
Gupta et a], “Magnetization Process and Revised in 
Sm3Co11B4”, J. of Mag. and Mag. Mat., 40 (1983), pp. 
32-36. 
Croat et a1, “Pr-Fe and Nd-Fe Based Materials: A New 
Class of High-Performance Permanent Magnets”, J. 
Appl. Phys., 55(6), Mar. 15, 1984, pp. 2078-2082. 
Sagawa et al, “New Material for Permanent Magnets on 
a Base of Nd and Fe”, J. Appl. Phys., 55(6), Mar. 15, 
1984, pp. 2083-2087. 
Habacoff et al, “Thermal and Magnetic Properties of 
Amorphous PI'x(FCQ,8B0_Z)1_x”, J. Appl. Phys., 53(3), . 
Mar. 1982, pp. 22554257. 

Koon et al, “Crystallization of FeB Alloys with Rare 
Earths to Produce Hard Magnetic Materials”, J. Appl. 
Phys., 55(6), Mar. 15, 1984, pp. 2063-2066. ‘ . 
Croat et al, “High Energy Product Nd-Fe-B Perma 
nent Magnets”, Appl. Phys. Lett., 44(1), Jan. 1, 1984, 
pp. 148-149. 
Hadjipanayis et al, “New Iron-Rare-Earth Based Per 
manent Magnet Materials”, Appl. Phys. Lett., 43(8), 
Oct. 15, 1983, Pp- 797-799. 
Stadelmaire et a1, “Cobalt-Free and Samarium-Free 
Permanent Magnet Materials Based on an Iron-Rare 
Earth Boride”, Sep. 1, 1983. 
Herlst et a1, “Relationships Between Crystal Structure 
and Magnetic Properties in Nd2Fe14B”, Plvy. Rev. B, 
Apr. 1, 1984, pp. 4176-4178. 
Givord et al, “Magnetic Properties and Crystal Struc 
ture of Nd2Fe14B”, Solid State Cornrn., vol. 50, No. 6, 
pp. 497-499, 1984. 
Senno et al, “Magnetic Properties of Srn-Co-Fe-Cu 
Alloys for Permanent Magnet Materials”, Japan. J. 
Appl. Phys., vol. 14, 1975, pp. 1619-1620. 
Melton et al, “An Electron Microscope Study of 
Sm-Co-Cu-Based Magnetic Materials with the 
Sm2Co17 Structure”, J. of Appl. Phys., vol. 48, N0. 6, 
Jun. 1977, pp. 2608-2611. - 
Leamy et al, “The Structure of Co-Cu-Fe-Ce Perma 
nent Magnets”, IEEE Trans. on Mag., vol. Mag. 9, No. 
3, Sep. 1973, pp. 205-209. 



US. Patent Dec. 20, 1988 Sheet 1 0f 16 4,792,368 

FIG. 

800 

6 
O O 6 L 

pr E3 250 

O O 2 

40 



US. Patent Dec.20, 1988 Sheet 2 0f 16 4,792,368 

FIG._2 
Fe — IO Co- xB- I5 Nd 

Br (k6) ,‘ iHc (we). 



US. Patent Dec. 20, 1988 Sheet 3 0f 16 4,792,368 

FIG'.}3, 
Fe — IOCO-SB-XNd‘ 

Zoi?iGii 
Nd (01%) 



US. Patent Dec. 20, 1988 Sheet 4 of 16 4,792,368 

. Fl G. 4 

STFe- 2005 — 88- |5Nd 

47H (k6) 
I 

H (kOe) 



US. Patent Dec. 20, 1988 Sheet 5 0f 16 4,792,368 

FIG. 5 

(76-x)Fe-xCo—8B—-I5Nd-IM 
soo- ' M=Cr,\/,Zr,Nb 

Curie point To (°C) 

600 

400 

200— 



US. Patent Dec. 20, 1988 Sheet 6 of 16 4,792,368 



US. Patent Dec.20, 1988 Sheet 7 0f 16 4,792,368 

Br(kG) 



US. Patent Dec. 20, 1988 Sheet 8 0f 16 4,792,368 

FIG.8_ 

Fe-ISCo-BB- l5Nd-xM 

Br ( kG) 

x (GT 0/0) 



US. Patent Dec. 20, 1988 Sheet 9 of 16 4,792,368 

Br (k6) 



US. Patent Dec. 20, 1988 Sheet 10 0f 16 4,792,368 

FIG. IO 

f/Tqble 4-2 N02! 
L Fe-lOCo-9B-l4Nd-2Mo 

| s 10 50 I60 

mean crystal grain size D (um) 





US. Patent Dec. 20, 1988 Sheet 12 0f 16 4,792,368 

Nd Fe-5Cc-B-Nd 



US. Patent Dec. 20, 1988 Sheet 13 of 16 4,792,368 

FIG. I3 

Nd15 Fesv-uCosBe X0 

X =8, C , P, Cu 

vBr (kG) 
(D 





US. Patent Dec. 20, 1988 

high~frequency 
melting U 

annealing ll U 
FIG. 15A 

pulverizaiion Fl U 
X- ray’ 
diffractomeiry 

highjfrequency 
melting U 

coar 
grinding O 

fine 
pulver U 

FIG. 15B 
pressing in 
magnetic field . 

sim‘ering U 
measuring 

Sheet 15 of 16 4,792,368 

in Ar, lkg unit - 

in Ar 

stamp mill, -300mesh 

Cu — target 

stamp mill‘, -35 mesh 

ball mill about 3pm 

I -4 t/cm2 
lO--|5 kOe' 

in Ar 
lOOO —- I200 °C 

8 - H tracei 



US. Patent Dec.20, 1988 Sheet 16 of 16 4,792,368 

IO 5 O O 

x 40 

8 

g o /x/ _g\° 
59 0'0 / l 

. ‘f’ / U 

(D g / x 
I; 4, f O 

u_ \\ N 

Z‘\ 
\ 

/J / 
. ‘I / I 

g a 9 

909W XDLU (HE!) 



4,792,368 
1 

MAGNETIC MATERIALS AND PERMANENT 
MAGNETS 

FIELD OF THE INVENTION 

The present invention relates to improvements in the 
temperature dependency of the magnetic properties of 
magnetic materials and permanent magnets based on 
Fe-B-R systems. In the present disclosure, R denotes 
rare earth element inclusive of yttrium. 

BACKGROUND OF THE INVENTION 

Magnetic materials and permanent magnet materials 
are one of the important electric and electronic materi 
als applied in an extensive range from various electrical 
appliances for domestic use to peripheral terminal de 
vices of large-scaled computers. In view of recent needs 
for miniaturization and high ef?ciency of electric and 
electronic equipments, there has been an increasing 
demand for upgrading of permanent magnet materials 
and generally magnetic materials. 
The permanent magnet materials developed yet in 

clude alnico, hard ferrite and samarium-cobalt (SmCo) 
base materials which are well-known and used in the 
art. Among these, alnico has a high residual magnetic 
flux density (hereinafter referred to Br) but a low coer 
cive force (hereinafter referred to Ho), whereas hard 
ferrite has high He but low Br. 
Advance in electronics has caused high integration 

and miniaturization of electric components. However, 
the magnetic circuits incorporated therein with alnico 
or hard ferrite increase inevitably in weight and vol 
ume, compared with other components. On the con 
trary, the SmCo base magnets meet a demand for minia 
turization and high ef?ciency of electric circuits due to 
their high Br and Ho. However, samarium is rare natu 
ral resource, while cobalt should be included 50-60 wt 
% therein, .and is also distributed at limited areas so that 
its supply is unstable. 

Thus, it is desired to develop novel permanent mag 
net materials free from these drawbacks. 

If it could be possible to use, as the main component 
for the rare earth elements light rare earth elements that 
occur abundantly in ores without employing much co 
balt, the rare earth magnets could be used abundantly 
and with less expense in a wider range. In an effort 
made to obtain such permanent magnet materials, 
R-Fez base compounds, wherein R is at least one of rare 
earth metals, have been investigated. A. E. Clark has 
discovered that sputtered amorphous TbFez has an 
energy product of 29.5 MGOe at 4.2‘ K., and shows a 
coercive force Hc=3.4 kOe and a maximum energy 
product (BH)max=7 MGOe at room temperature upon 
heat-treatment at 300°—500° C. Reportedly, similar in 
vestigations on SmFez indicated that 9.2 MGOe was 
reached at 77° K. However, these materials are all ob 
tained by sputtering in the form of thin ?lms that cannot 
be generally used as magnets, e.g., speakers or motors. 
It has further been reported that melt-quenched ribbons 
of PrFe base alloys show a coercive force He of as high 
as 2.8 kOe. 

In addition, Koon et al discovered that, with melt 
quenched amorphous ribbons of (FeQ_82B0_13)0_9Tbo_0. 
5La0_05, Hc of 9 kOe was reached upon annealing at 
627° C. (Br= 5 k6). However, (BH)max is then low due 
to the unsatisfactory loop squareness of magnetization 
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2 
curves (N. C. Koon et al, Appl. Phys. Lett. 39 (10), 
1981, pp. 840-842). 
Moreover, L. Kabacoff et al reported that among 

melt-quenched ribbons of (Fe0_gB0_2)1-xPrx (x=0-0.03 
atomic ratio), certain ones of the Fe-Pr binary system 
show He on the kilo oersted order at room temperature. 
These melt-quenched ribbons. or sputtered thin ?lms 

are not any practical permanent magnets (bodies) that 
can be used as such. It would be practically impossible 
to obtain practical permanent magnets from these rib 
bons or thin ?lms. 
That is to say, no bulk permanent magnet bodies of 

any desired shape and size are obtainable from the con 
ventional Fe-B-R base melt-quenched ribbons or R-Fe 
base sputtered thin ?lms. Due to the unsatisfactory loop 
squareness (or rectangularity) of the demagnetization 
curves, the Fe-B-R base ribbons heretofore reported are 
not taken as the practical permanent magnet materials 
comparable with the conventional, ordinary magnets. 
Since both the sputtered thin ?lms and the melt 
quenched ribbons are magnetically isotropic by nature, 
it is indeed almost impossible to obtain therefrom mag 
netically anisotropic (hereinbelow referred to “aniso 
tropic”) permanent magnets for the practical purpose 
comparable to the conventional hard ferrite or SmCo 
magnets. 

SUMMARY OF THE DISCLOSURE 

An essential object of the present invention is to pro 
vide novel magnetic materials and permanent magnets 
based on the fundamental composition of Fe-B-R hav 
ing an improved temperature dependency of tha mag 
netic properties. 
Another object of the present invention is to provide 

novel practical permanent magnets and magnetic mate 
rials which do not share any disadvantages of the prior 
art magnetic materials hereinabove mentioned. 
A further object of the present invention is to provide 

novel magnetic materials and permanent magnets hav 
ing good temperature dependency and magnetic prop 
erties at room or elevated temperatures. 
A still further object of the present invention is to 

provide novel magnetic materials and permanent mag 
nets which can be formed into any desired shape and 
practical size. 
A still further object of the present invention is to 

provide novel permanent magnets having magnetic 
anisotropy and excelling in both magnetic properties 
and mechanical strength. 
A still further object of the present invention is to 

provide novel magnetic materials and permanent mag 
nets in which as R use can effectively be made of rare 
earth element occurring abundantly in nature. 
Other objects of the present invention will become 

apparent from the entire disclosure given herein. 
The magnetic materials and permanent magnets ac 

cording to the present invention are essentially formed 
of alloys comprising novel intermetallic compounds, 
and are crystalline, said intermetallic compounds being 
characterized at least by new Curie points Tc. 

In the followings the term “percent” or “%” denotes 
the atomic percent (abridged as “at %”) if not otherwise 
speci?ed. 
According to the ?rst aspect of the present invention, 

there is provided a magnetic material comprising Fe, B, 
R (at least one of the rare earth elements including Y) 
and Co, and having its major phase formed of Fe-Co-B 
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