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Abstract

Amorphous melt-spun ribbons of dfeys—,—.—y—.C0, Ti,Nb,B, (w=7.0-9.0,x=1.0-2.0y=0-1.5,2=6.0-8.0) alloys were prepared by
the single roller liquid rapid-quenching method, and the effects of composition, substrate surface velocity and annealing condition on the mag-
netic properties were studied. The optimum preparing condition and some properties were as follows: comp@biigaCByTi1 sNb; B7;
substrate surface velocity, 20.0 m/s; annealing condition,°62fr 5min; heating rate, 62%/min in Ar atmosphere; magnetic prop-
erties, J; =1.15T, He;=416.6 KA/m, Heg = 339.8 KA/m, (BH)yax=128.0kJ/M, Hy/H.;x 100=27.7% recoil ratio = 64.2%I, = 398.0%,
a(J;)=—0.03%/C, anda(H,j) = —0.44 %/ C. From TEM observation, the average particle size of this ribbon was found to be about 23 nm.
The value of (BH} .« for the compression molding isotropic bonded magnets prepared by usingfea;BCosTi; sNb; B7 ribbons (annealing
condition: 625 C for 5 min, heating rate: 62&/min) was 69.7 kJ/m(8.7 MGOe), and the density was 6.1 Mg/m
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction 2. Experimental procedure

Since the principle of nanocomposite permanent mag- The raw materials used in this experiment are metallic Pr,
nets of exchange coupling between soft and hard mag-Fe, Co, Ti, Nb and metalloid B. The composition were chosen
netic phases have been shown by Kneller and Hawihg with the following formula: P§Fegs—yy—x—y—.C0, Ti,Nb,B,,
these magnets were prospective as the next generation magas a proposal: wherev=7.0-9.0,x=1.0-2.0,y=0-1.5,
nets. Recently, these high quality melt-spun Nd(Pr)-Fe—-B z=6.0-8.0 in at.%. The master alloys of these compositions
system exchange coupled permanent magnets have beewere prepared in a rod shape by a vacuum-suction method
reported[2-13]. It is known that the magnetic anisotropy after melting in Ar gas atmosphere in high-frequency induc-
constant Ka) of PrFe4B compound is larger than that of  tion furnace. The melt-spun ribbons were prepared by using
Nd>Fe1 4B compound. However the saturation magnetization the single roller liquid rapid quenching method in which a
of ProFe 4B compound is smaller than that of bfek; 4B com- molten material was injected onto a roller surface. The sub-
pound[14]. This experiment carried out to investigate the strate surface velocity was varied between 15.0 and 30.0 m/s,
effect of Co, Ti and Nb substitution for Fe in melt-spun rib- and the roller-diameter was 0.3 m. The amorphous ribbons
bons of low rare-earth Pr—-Fe—Co—Ti—Nb—B system alloys on were annealed at various temperatures between 625 and
the magnetic properties. And the magnetic properties of the 675°C and annealing time from 3 to 7 min with heating rate
compression molding Pr—Fe—Co—Ti—Nb-B isotropic bonded 125-625C/min. The compression molding isotropic bonded
magnets made of the optimum composition ribbons were magnets were made by using melt-spun Pr—Fe—Co-Ti—Nb-B
examined. powder crushed under 1p0n (using 2.5wt.% epoxy resin

as a binder). After 4.5 MA/m pulsed magnetization, the mag-
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The crystallization temperature of as-quenched ribbons was - =
measured by a DTA device. The crystal structure was exam- % so n 16-0§
ined by X-ray diffraction method on the powder samples with E 120 = (BH)max - 1507%
Cu Ka radiation. The microstructure of ribbons was observed & 1,0 |- - 140F
by a TEM. —{ 13.0
100 |— 2
3. Results and discussion . 120 N 12'0{5
S 115 &\'\' - 15<
Fig. 1 shows the effect of Co substitution in melt-spun 1.10 |- > - 110
PrsFegas—1,Co, Ti1 sNbiB7 (w=7.0-9.0) system ribbons
prepared at the substrate surface velocity 20.0 m/s, annealed 450 — He - 55 _
at 625°C for 5 min (heating rate: 625C/min). From this fig- :\(5 400 |- ./*\. - 5.0 é
ure, it was found that the values of (Bkbx, Hcy and Heg fg 350 | T 45 2
increased with increasing the value from 7.0 to 8.0, then E 200 | Hee 7] ‘3"2 i)
decreased, while the value ffincreased with increasing the B _ o 1 a0
250 Heating rate : 625 °C/min

w value. From this result, the optimumvalue was 8.0 at.% Annealing temperature : 625 °C

in thIS experiment. ? Annealing time : 5 min(Vs = 20.0 m/s)f
Fig. 2 shows the magnetic properties of melt-spun 6‘,0 7?0 sl_o

PrsFers_CogTiyNb;B7 (x=1.0-2.0) system ribbons pre- X value (at%)

pared at the substrate surface velocity 20.0 m/s, anneale

at 625°C for 5min (heating rate: 628C/min). From this

figure, the values of (BH)ax, Hcy and Heg increased with

increasing the: value from 1.0 to 1.5, then decreased, while Heg increased with increasing thyevalue from 0 to 1.0, then
Jr showed almost constant. As this result, the optimwadue decreased

was 1.5at.%. Additionally, the value of; decreased a little with increas-
Next,. the amqunt of Nb was changdg. 3_ShOWS the ing they value. From this result, the optimumvalue was

magnetic properties of melt-spurePe;7.5-,CogTi1 sNb,B7 1.0 at.%.

(y=0-1.5) systemribbons. Preparing conditions are the same Fig. 4 shows the magnetic properties of melt-spun

as the case where the above-mentioned amount of Co or TiPrGFegg s .CosTirsNbyB, (:=6.0-8.0) system ribbons.

is changed. From this figure, the value of (RH), Hcjand e ' :

dFig. 2. Magnetic properties of melt-spursPerg_,CogTi,Nb; B7 alloy rib-
bons.

Preparing conditions are the same as thaFigf 3. From
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Fig. 1. Magnetic properties of melt-spursPess5-,,Co, Ti1 sNb; B7 alloy Fig. 3. Magnetic properties of melt-spungPe;7.5-,CogTiy sNb,B7 alloy

ribbons. ribbons.
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Fig. 4. Magnetic properties of melt-spungPes3 5-.CogTi1 sNb; B, alloy Fig. 5. Effect of annealing temperature on magnetic properties of melt-spun
ribbons. PrsFers 5CogTip sNbyi By alloy ribbons.
o . From this result, it was found that the optimum annealing
this flgur'e, it was foynq that the values of (B Hci time was 5 min in this composition.
and Heg increased with increasing thevalue from 6.0 to Fig. 6 shows the X-ray diffraction patterns of melt-spun

7.0, then decreased. Additionally, the value/ptlecreased PrsFe;s.sCogTi1 sNb1B7 alloy ribbons. As shown in this fig-

a little with increasing ther value. The very high coer- e it was found that RFe;s <CogTi1 sNbyB7 ribbons con-

civity Heg=416.6 KA/ (; = 1.15T, (BH)nax= 128.0 kJ/r) sisted of two phases §fe14B type andx-Fe type structure.

was shown at=7.0 in low rare-earth composition. From  anq Fe;B type phase observed in the DTA curve was decom-

these results, it was found that the optimum composition was posed by the heat-treatment and seemed to diffuse.

PrsFere sC0gTi1 sNb1B7 in this experiment. When the above results were summarized, the opti-
Next, the effect of the substrate surface veloc- mum preparing condition was as follows: composi-

ity (15.0-30.0m/s) on magnetic properties of melt-spun tion, PgFe;ssCosTi1sND1B7; substrate surface velocity,
PrsFeze.sCosTi1 sNbiB7 alloy ribbons annealed at 626 for

5 minwere examined. From this result, the optimum substrate
surface velocity was 20.0 m/s. MM a5 meltspum
Fig. 5 shows the effect of annealing temperature on the j , , ,

magnetic properties of melt-spungPe;s sCogTi1 sNbi1B7 l

alloy ribbons prepared at the substrate surface velocity WMWMW o

20.0 m/s. Before heat-treatment, the DTA curve of this sample Heating rate : 600 “C/min
was examined. It was shown that three exothermal peaks ( ®
Fe, PpFe 4B and FgB type structure from X-ray diffraction v

patterns) were appeared. From the DTA curve, the crystal- MWMWW Hoaloe mee’ 626 °Gin
lization temperature of these ribbons was determined about \

580°C, so the annealing treatment was done over°@Dh

this experiment. In this heat treatment, the heating rate was W'WW 1ea%C i
625°C/min, and the sample was heated up until the anneal- MWMW ‘

ing temperature, and then it was held 5 min. Finally, it was
rapidly quenched. From this figure, the values of (B&) 675°C

H¢y and Heg increased with increasing the annealing tem- MWMWM it Heating e 5750
perature from 600 to 625, and then decreased. The value
of J; decreased a little with increasing the annealing temper-
ature. From this result, the optimum annealing temperature
was 625'C. Next, the effect of annealing time (3—7min) on  Fig. 6. X-ray diffraction patterns of melt-spun gFezssCosTi1 sNbyB7
the magnetic properties of these ribbons were investigated.alloy ribbons.

o -Fe type
Pr,Fe, B type

60
26 (degrees) (CuKo)
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Fig. 7. Temperature dependence of magnetization for melt-spun

PrsFezs 5CogTip sNby By alloy ribbons.

20.0 m/s; annealing condition, 626 for 5 min; heating rate,
625°C/min.

Fig. 7 shows theo—T curve for melt-spun RFess5
CosTi1.sNb1B7 alloy ribbon prepared at the optimum condi-
tion. From thes—T curve, the Curie temperature was 393
this alloy ribbon consisted of two phases obPe& 4B type
and a-Fe type structure. Further more the roughly volume
percentage of each phase was 56% BB type and 44%
a-Fe type phase, respectively.

Fig. 8shows the TEM micrograph and the electron diffrac-
tion pattern of melt-spun BFezg.5CogTi1 sNb1B7 alloy rib-
bons annealed at 62& for 5 min. Itis shown that the average
particle size was about 23 nm. And fine grain is distributed
from spotty ring of electron diffraction, so this sample was
the isotropic one.

The demagnetization curve of these ribbons is single
phase. From X-ray diffraction patterns, TEM, aadT, it

was found these samples were the exchange spring magnet

Fig. 9 shows the temperature dependencd,cdnd H.;
of melt-spun PgFezg.5CogTi1 sNb1B7 alloy ribbon annealed
at the optimum condition. From this result, the temperature
coefficient of J, was «(J;) = —0.03%FC (reversible). The
curve of Hgj corresponds to the irreversible one. The tem-
perature coefficient ofi¢; in the range from 25 to 10GC
obtained by a linear extrapolation wadj) = —0.44 %/ C.

Fig. 10 shows the demagnetization curve for the com-
pression molding RFeyg sCosTiy sNbiB7 isotropic bonded

-
X400,000

Fig. 8. TEM photograph of melt-spun dfezs sCogTi1 sNb;B7 alloy rib-
bons.
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Fig. 9. Temperature dependence J&fand H¢j in melt-spun PgFere s
CogTiy.sNb;B7 alloy ribbons.

magnet prepared by using the ribbons annealed at optimum
condition. Bonded magnets were made by crushing the rib-
bons into a powder under 1p0n, and the compression

molding the powder under the pressure of 980 MPa. As the
binder, epoxy resin was added to make up 2.5wt.% The den-

1.0
Jr=0.83T (8.3 kG)

Hed = 397.4 kA/m(5.0 kOe)

HeB = 280.8 kA/m (3.5 kOe)
(BH)max = 69.7 kJ/m? (8.7 MGQOe)
Hk/Hed X 100 = 21.3%
Recoil ratio = 63.5%
Density = 6.1 Mg/m?®

1.8

500 400 300 200 100

-H (kA/m)

0

Fig. 10. Demagnetization curves and recoil loop for a bonded magnet pre-
pared by melt-spun BFezs sCogTig sNbiB7 alloy ribbon. Annealing con-
dition: 625°C for 5 min.
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sity of this magnet is 6.1 Mg/fh The magnetic properties of
a typical bonded magnet afg=0.83T, H;3=397.4 KA/m,
Hcg=280.8 kA/m and (BH}ax=69.7 kJ/nd.

4. Conclusion

The result obtained in the experiment is summarized.
In PrsFeresCogTip sNbiB7 alloy ribbon, when the
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