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To elucidate the effects of Ga addition on Nd-Dy-Fe-Co-B sintered magnets, the
temperature dependence of coercivity and changes in the Nd rich phase were studied.
The 2nd ferrromagnetic phase was observed in Co substituted sintered magnets. The Co
containing Nd rich phase, (Nd,Dy)s(Co, Fe), is changed to (Nd, Dy)s(Fe, Co, Ga)s by the Ga
addition. iflc and Tc increase and ¢s decreases with increasing Ga content for synthetic
(Ndy. 9Dyo. 1)5(Fen. 2Co0. 8-uGan)3(0<u=<0.6) alloys. This change of magnetic properties of
(Nd, Dy)s(Fe, Co, Ga)s seems to be the reason for coercivity enhancement.

1. INTRODUCTION

Coercivity enhancement by Ga addition for
(Ndo. 8Dyu. 2) (Feva1Con. 06Bo. 08)5. 5  sintered magnets
was studied and a 2nd ferromagnetic phase
was observed in the temperature dependence
of illc and AC permeability near Tc' 2. Room
temperatue iHc increases by 25% from about
22k0e with Ga addition up to u=0.015 for
(Ndo. 8Dyo. 2) (Feva1Cou. 06Bo. 08Gau)s. 5 sintered mag-
nets. However, room temperature anisotropy
field (H,) does not increase enough to ex-
plain the iHc enhancement by Ga addition,
even though 70% of added Ga was found in the
2/14/1 matrix.

In this paper, to understand why Ga
addition enhances coercivity, temperature
dependence of ilic near Tc and magnetic pro-
perties of the 2nd ferromagnetic phase were
investigated.

2. EXPERIMENTAL

Sintered magnets were prepared by the
conventinal powder metallurgy process and

heat treated according to the pattern de-
scribed previously® . The iflc near Tc was
measured with a Vibrating Sample Magneto-
meter (VSM) after magnetization in a 14kOe
applied field. For determining the tempera-
ture coefficient of illc between 25 and 120°C,
magnetic properties at 25 and 120°C were
measured with a Recording Fluxmeter and VSY,
respectively, after magnetization in a 25k0e
applied field. EDX/SEM analysis was carried
out for a polished surface perpendicular to
the alignment direction.

3. RESULTS

Variation of ilic at 25 and 120°C and the
temperature coefficient of ilic( B, in the
temperature range of 25~120°C) with Ga con-
tent for (Ndo.sDye.2)(Fena1Cop. 06Bo. 0sGaw)s s(0=u <
0.030) sintered magnet is shown in Fig. 1.
The T2 temperature for each alloy was deter-
mined to achieve the lowest irreversible
loss(Pc=2) at elevated temperatures. iHc
increases up to 0.015 and decreases with
increasing Ga content. B decreased with
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Fig. 1. Variation of iHc(at 25 and 120°C)
and temperature coefficient(B) with Ga
content for (Ndy.&Dyo. 2) (Feva1Coo. 06Bo. 08Gaw)s. 5
(0=u<0.030) sintered magnets.
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Fig. 2. Variation of B with iHc for (Ndo.s
Dyo. 2) (Feva1Con. 06Bo. 08Gaw)s. 50 <u<0. 030)
sintered magnets.

increasing ilic up to u=0.015. The lowerf
is obtained in the specimen with higher illc
vhich is attributed to Ga addition as shown
in Fig. 2. However, too much Ga addition
decreases illc and increases B, for example,
u=0. 025 and 0.030(see Fig. 2). Already, it
was observed that the room temperature Ha
was not enhanced by Ga addition as was ilc*’ .
However, there is a possibility that Ga
addition changes the temperature dependence
of H,. The temperature dependence of H. for
(Ndo. sDyo. 2) (Fena1Coo. 06Bo. 08Gaw)s. 5(u=0 and 0. 015)
is shown in Fig. 3. No clear difference in
the temperature dependence of H, for sin-
tered magnets with and without Ga addition
is observed. There is also no difference in
the grain size of the 2/14/1 matrix which
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Fig. 3. Temperature dependence of H. for
(Nds. 8Dyo. 2) (Feva1Coo. 06Bo. 08Gau)s. 5(u=0 and
0.015) sintered magnets.

contains 70% of the added Ga*’.

Fig. 4 shows the variation of ilc near Tc
for(1)Nd(Feo. 92Bo. 08)5.4, (2)(Ndo. sDyo.2) (Feba
Coo. 06Bo. 08)5.5,  (3)(Ndo. Dya. 2) (Feva1Coo. 06Bo. 08)6. 2
and(4) (Ndo. sDya. 2) (Fer1Coo. 06Bo. 0sGan. 015)5.5 sin-
tered magnets. For Nd-Fe-B ternary sintered
magnet, Tc of the matrix is 310°C and no Znd
ferromagnetic phase was observed. Also, for
high z magnet, alloy (3)(z=TM/RE, TM:FetCotB
+Ga, RE:Nd+Dy), Tc of the matrix is 380°C
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Fig. 4. Variation of iHc near Tc for
(1)Nd(Feq. 92B0.08)5. 4,

(2)(Ndo. Dyo. 2) (Fera1Coo. 06Bo. 08)5. 5,
(3)(Ndo. 8Dye. 2) (Fena1Cou. 06Bo. 08)s. 2 and
(4)(Ndo. Dyo. 2) (Fera1Cos. 06Bo. 08Ga. 015)5. 5
sintered magnets.

and no 2nd ferromagnetic phase is observed.
For the Co substituted sintered magnets with
high illc, alloys (2) and (4), Tc of the
matrix and 2nd ferromagnetic phase are oh-
served. The point of intersection of two ilic
vs T curves for alloys (2) and (8), which is
330°C (point [A] in Fig.4), is thought to be
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Fig. 5. Variation of o5 ilHc and Tc with

Ga content for (Ndo. aDyo.1)s5(Fe. 2Cop. 3-uGau)s
(0=u=0.6) alloys.

the Tc of the 2nd ferromagnetic phase. Tc's
of the matrix are 380 and 385°C for alloys
(2) and (4), respectively. Tc's of the 2nd
magnetic phase are 330 and 350°C (point [B]
in Fig. 4) for alloys (2) and (4), respec-
tively.

Ga also exists in the boundary phases,
namely Nd rich phases. The results of EDX/
SEM analysis is shown in Table 1. There are
2 kinds of Nd rich phases, Co free and Co
containing Nd rich phase. The Co containing
Nd rich phases is (Nd, Dy)s(Co, Fe). This phase

Table 1. Phase analysis with EDX/SEM for (Ndo.sDye.2) (Fea1Cou. 06Be. 08Gau)s. 5
(u=0 and 0.015) sintered magnets. (at.%)

u Phase Nd Dy Fe Co Ga Remarks
2/14/1 8.51 2.9181.0J 7.6 --
0 1/4/4 13.6] 6.2174.6| 5.6 -
Nd rich | 74.6|14.4{11.0| --- --1 Co free Nd rich
Nd rich | 71.4| 2.6] 5.71]20.3 -- | Co containing Nd rich(3/1)
2/14/1 8.6 3.8(/80.0| 7.2] 0.2
0.015 | 1/4/4 13.3] 6.6]74.5| 5.6 -
Nd rich | 70.114.8|15.1} ---| ---|Co free Nd rich
Nd rich |57.1| 4.4] 7.2 7.2|24.1| Co containing Nd rich(5/3)
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Table 2. Curie temperatures(Tc) of matrix and the 2nd ferromagnetic phases

for R-TM-B sintered magnets.

Composition Matrix The 2nd ferromagnetic phase
and its Tc and its Tc
Nd(Feo. 92B0.08)5.4 NdoFe14B none
Tc=310°C

(Ndo. 8Dy0. 2) (Feu. 86

(Nd, Dy)2(Fe, Co)14B

(Nd, Dy)3(Co, Fe)

Coo. 06Bo. 08)5. 5 Tc=380°C Tc=330°C
(Ndo. gDyo. 2) (Feu. 845 (Nd, Dy )2(Fe, Co, Ga)i4B (Nd, Dy)s5(Ga, Co, Fe)s
Coo. 06Bo. 0sGag. 015)5. 5 Tc=385°C Tc=350°C

is changed to (Nd, Dy)s(Ga, Co, Fe)s® by Ga
addition. The Ga is condensed in the Co con-
taining Nd rich 5/3 phases. The Tc of the
matrix and the 2nd ferromagnetic phases for
R-TM-B sintered magnets are tabulated in
Table 2. Using the results of EDX/SEM analy-
sis, Co containing alloys were arc melted.
The variation of magnetic properties and Tc
with Ga content for (Ndo.gDye.1)s(Feq.2Co. 8-
Gauws(0<u<(.6) alloys is shown in Fig. 5.
illc and Tc increase with increasing Ga
content with the maximum at u=0.5. However,

o s(magnetization at 14k0e) decreses linearly
up to u=0.4, and then keeps constant. Ga
addition to the Co containing Nd rich phase
decreases os and increases Tc. This change
of magnetic properties of the Co containing
Nd rich phase seems to be the reason for
coercivity enhancement of sintered magnets.
The co-existing of matrix and (Nd,Dy)s(Ga, Co,
Fe)s phases and some pinning force defined at
the interface of these phases seems to be
the origin of the high iHc. Another possi-
bility is that the decrease in s of the 5/3
phase suppresses its behavior as nucleation
sites.

4. SUMMARY

The effect of Ga addition for Nd-Dy-Fe-Co
-B sintered magnets was studied to under-
stand the coercivity enhancement. The Co
containing Nd rich phase, (Nd,Dy)s(Co,Fe), is

observed in the Nd-Dy-Fe-Co-B sintered
magnets. This phase is changed to (Nd, Dy)s(Ga,
Co, Fe)s by Ga addition. Tc’s of the 2nd
ferromagnetic phases were observed at 330°C
and 350°C in the temperature dependence of
ilic near Tc for sintered magnets with and
without Ga addition, respectively. So, the
2nd ferromagnetic phase should be (Nd, Dy)s(Co,
Fe)and (Nd, Dy)s(Ga, Co, Fe)s for Ga free and Ga
containing sintered magnets. Tc increases
and os decreases with increasing Ga content
for the (Nd,Dy)s(Fe, Co, Ga)s. This change of
the magnetic properties of the Co containing
Nd rich phase seems to contribute to the
coercivity enhancement of Nd-Dy-Fe-Co-B-Ga
sintered magnets.
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