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Abastract

The influence of casting cooling rate during the preparation of ingots on the grain size distribution and

the magnetizing ability of NdisFe.V.Bs sintered magnets were investigated. Sintered magnets prepared from copper

mold, which allow a higher cooling rate, show a smaller grain size distribution and good magnetizing ability. The effects
of adding boride forming elements, such as Cr, Mn, Nb, and W on the magnetic properties of Nd-Fe-B sintered mag-
nets were also investigated. Both Cr and W addition increase coercivity and the resultant NdisFe.Cr.B; alloy exhibits a

similar magnetizing ability in comparison with Nd;sFer.V.Bs alloy.

1. Introduction

Since development of the first Nd-Fe-B perma-
nent magnet much research has been done in this
new field.'"”* Practical applications of these mag-
‘nets have been made in various fields including te-
lecommunications, data processing, acoustic trans-
ducers, and motor technologies.

In order to produce high performance Nd-Fe-B
sintered magnets the alloy composition must be close
to the stoichiometric relationship of Nd.Fe.B.” This
helps in reducing loss of coercivity and enhances
alignment of the Nd,Fe.,B grains in the alloy. Im-
provements in thermal stability and corrosion resi-
stance have also been required in order to expand
useful applications of these magnets. Dysprosium is
one essential element in improving thermal stability
because it significantly increases magnetic anisot-
ropy of the Nd.Fe.B main phase.” Cobalt is an-
other essential element in improving the tempera-
ture coefficient of the remanence(B,) through a
significant increase in the Curie temperature.” Co-
balt has the added benefit of stabilizing the Nd-

rich phase against oxidation and contributing to
improved corrosion resistance.® However the high
material cost of Dy and a reduction of the intrin-
sic coercivity due to Co addition are disadvantages
of using these elements as additives.

Sagawa et al® and Hirosawa et al.® have shown
that addition of either V or Mo is effective for
improving the thermal stability and corrosion resi-
stance of Nd-(Dy)-Fe-Co-B sintered magnets,
which also exhibit high magnetizing ability.'® Addi-
tion of these two elements acts to form Vi xFexB:
or Mo:FeB,¥ borides in the metallic alloy of the
magnets. These borides inhibit grain size growth
during sintering, resulting
grain size.? The strength of the local demagnetiza-
tion field decreases with smaller grain size leading

in a smaller average

to an improvement in the magnetizing ability of V
or Mo added Nd-Fe-B This
study investigates the influence of the cooling rate

sintered magnets.

of casting on grain size distribution in V contain-
ing Nd-Fe-B sintered magnets and investigates
the effect of additional elements (Cr, Mn, Nb, and
W) on the magnetic properties and the grain size
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distribution of Nd-Fe-B sintered magnets.
2. Experimental Procedures

NdiFeMBs alloys M = V, Cr, Mn, Nb and
W) were induction-melted under an Ar atmo-
sphere and cast in 50mm X 5mm X 100mm molds. Ei-
ther copper or iron molds were used in order to
better control the casting cooling rate. The alloys
were crushed into a coarse powder (63gm~500m),
then ball-milled to a fine powder of 2.5/m in diam-
eter. Powders were aligned in a magnetic field of
0.96 MA/m and pressed in a direction perpendicu-
lar to the grain alignment. The resulting green
compacts were sintered first in a vacuum, then
under an Ar atmosphere at temperatures between
1333K and 1393K, followed by controlled-cooling to
room temperature at a rate of 50K/h. Magnetic
properties of sintered magnets were measured usi-
ng a B-H loop tracer.

Kanekiyo et al. measured magnetizing ability by
the extraction method. Estimations were based on
the value of the effective magnetizing field (H.q).
The Her is defined as :

Her = Ha - Ha

where Ha represents the applied field were 90%
magnetization is obtained and Hgs represents the
demagnetizing field.!”

In this study, Magnetizing ability was measured
by V. S. M. Estimations were based on the depen-
dence of relative magnetic properties on the ap-
plied field. Samples for measurement of magnetiz-
ing abilities were prepared by cutting the sintered
compacts into a cube of 2.5mm X2.5mm X2.5mm.
Relative magnetic properties were normalized using
the ratio of magnetic properties in the applied
magnetizing field to magnetic properties after ap-
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Fig. 1. Estimation of magnetizing ability, (a) applied 4.8MAm™',
and (b} lower than 48MAm."'

plying a pulsed field of 48MA/m as in figure 1.
The microstructure was observed using optical mi-
croscope. The average grain size and the grain
size distribution were calculated from optical mi-
crographs.

3. Results and Discussion

Figure 2 shows optical micrographs of Nd;sFeV,
Bs ingots prepared from copper and iron molds.
The grain size from copper mold is smaller than
from iron mold because the cooling rate of casting
with copper is higher. Figure 3 shows variations of
the magnetic properties of NdFe»V.Bs sintered
magnets due to copper and iron molds vs. sintering
temperatures in comparison with Nd,fFeBs mag-
nets. The density of the samples is slightly in-
creased with increasing sintering temperatures.
Remanence and (BH)... values are also gradually
increased with increasing sintering temperatures,
with a maximum value at 1373K. Coercivity de-
creases with increasing temperatures. The remane-
(BH) max values of NdiFeV.iBs sintered
magnets are both lower than for NdiFe:Bs mag-
nets, but the coercivity of Nd,sFe»V.Bs sintered
magnets is higher. NdisFe»V.Bs sintered magnets
prepared from copper mold show higher remanence

nce and

and (BH) ... values than magnets prepared from
iron mold. Figure 4 shows a dependence of relative
(BH) max, realtive B, and relative coercivity values
on the applied magnetic field for NdigFern-.V.Bs (X

Fig. 2. Optical micrographs of NdisFe:,V.Bs ingots prepared from
(a) copper mold and (b) iron mold.
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Fig. 3. Magnetic properties of NdisFer-xVxBs as a function of
sintering temperature(x=0, 4)
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Fig. 4. Relative (BH) n.x, H: and B, of NdisFer-.V.Bs as a func-
tion of applied field( x=0, 4).

=0, 4) sintered magnets. Nd.sf'e.»V.Bs alloy pre-
pared from copper mold exhibits higher relative
(BH) ».x and relative coercivity values than either
Nd;sFeBs and NdieFenViBs alloys prepared from

Fig. 5. Optical micrographs of Nd.sFer. ViB; sintered magnets pre-
pared from (a) copper mold, and (b) iron mold.
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Fig. 6. Grain size distribution of NdsFe::V.Bs sintered magnets
(a) copper mold and (b) iron mold.

iron mold, but the relative B, values appear to be
the same for these alloys.

Figure 5 shows optical micrographs for Nd,sFeV .Bs
sintered magnets prepared from copper and iron
molds. The alloy prepared from the copper mold
has a finer grain size than the alloy from the iron
mold. The corresponding grain size distributions are
shown in figure 6. The Nd,[Fe.V.Bs alloy prepared
from the copper mold contains many small grains
less than 5mm in diameter and has a narrower

grain size distribution. The iron mold alloy shows a
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Fig. 7. Microstructure of NdisFer.ViBs sintered magnets.

broad grain size distribution and contains relative
large grains more than 10m in diameter.
Kronmiiller et al. reported that a strong local
demagnetization field will be eliminated by sup-
pressing precipitation of the nonmagnetiq phase and
by reducing the average grain size.'>'® Hirosawa et
al.!” reported magnetizing ability increases with a d
ecrease in grain size because of a decrease in the
strength of the local demagnetization field. When a

copper mold is used the casting cooling rate is
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Fig. 8. Magnetic properties of NdisFes-xVxBs as a function of
sintering temperature( M= Cr, Mn, Nb, W x=0, 4).

higher and finer dispersive borides can form.
These borides as show in figure 7 probably work
as inhibitors of grain growth during sintering. This
result in a narrower grain size distribution and,
consequently, a good magnetizing ability can be
obtained.

Figure 8 shows the variation in magnetic prop-

erties of NdifFerMBs(M=Cr, Mn, Nb and W)

Fig. 9. Optical micrographs of NdcFes- xVxBs sintered magnets( M=Cr, Mn, Nb, W x=4).
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alloys vs. sintering temperatures in comparison
with NdisF'esBs alloys. The addition of W, a relati-
vely heavy element, results in a high density mag-
net. The density of Nb containing magnets in-
creases with increasing temperature in comparison
with other magnets. Cr containing magnets show a
high remanence compared with magnets containing
other added elements. All sintered magnets have
lower (BH)me« values than do NdFexB: magnets
because of decreased remanence. However, Cr and
W containing magnets have a higher coercivity
than do NdisF'e:sBs magnets.

The NdisFenCr.Bs alloy sintered at 1333K shows
the highest coercivity value of 0.96MA/m. Figure 9
shows optical micrographs of Ndid'es-.M.Bs(M=
Cr, Mn, Nb, W X=4) sintered magnets. W or Nb
containing alloys have a finer microstructure than
Cr or Mn containg alloys. Addition of either W or
Nb to an alloy inhibits grain growth during sinter-
ing, but Cr and Mn additions do not cause this
type of inhibition.

Figure 10 shows the relative magnetic properties
of Cr, W and V containing alloys in comparison
with the properties of NdisFexBs alloy. The relative
(BH) max value of an alloy containing Cr is almost
equal to the value of NdiFenV.Bs alloy. Alloys
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Fig. 10. Relative (BH) ., Hc and B, of NdsFes xMxBs as a
function of applied field M=Cr, V, W x=0, 4).

I?—L

100

-

o V‘ -

R R

L % N

g - -

£ & 4

z | i

[+ 4] -

Z o O NdgFe76Bg

3 i 4 Nd6Fe74CraBg |

r 220 A NdygFe7,CraBg |4

- ONd,sFemCrngj

0 a—e VI N E W
0.0 05 1.0 4.8

Applied field / MAm-1

Fig. 11. Relative (BH) mx, of NdisFers-xCrxBs as a function of ap-
plied field(x=0, 2, 4, 6).

containing W show H. values which are almost
equal to NdFenV.Bs alloys. The relative (BH) max
value of NdisFenCr.Bs alloy is higher than the
value for NdifFexBs alloy by approximately 10% at
0.96MA/m. However, figure 11 does not show any
dependence of relative (BH) ... values on Cr con-
tent. Microstructural analysis reveals that sintered
magnets with added Cr have relatively large grains
with a grain size distribution that is not especially
narrow. Inhibitation of grain growth by the forma-
tion of borides does not occur in Cr containing
alloys. Further research will be required to under-
stand why grain growth is not inhibited yet a
magnetizing ability is obtained in alloys with added
Cr.

4. Conclusions

The alloy prepared from the copper mold has a
finer grain size than the alloy from the iron mold.
At applied field of 0.8MA/m, Nd,Fe.V.Bs magnet
prepared from copper mold exhibits about 20%
higher relative (BH) ... and about 25% higher rel-
ative coercivity values than either Nd,é'esBs and
NdieFenV.Bs magnets prepared from iron mold, but
the relative B, values appear to be the same for
these alloys. The relative (BH) m. value of NdigFer
CrB; alloy is higher than the value for Nd,FeBs
alloy by approximately 10% at 0.96MA/m. Micro-
structural analysis reveals that sintered magnets
with added Cr have relatively large grains with a
grain size distribution that is not especially narrow.
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