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ABSTRACT The magnetic properties of (Nd, oDyo;)15sCosFe;Nb,B, permanent magnetic alloy pre-
pared by powder metallurgy are: B,=1.08T, \H.=1620kA/m, ( BH ),..=208k]/m®. The behaviour
of Nb in this alloy was studied by joint methods of dynamic observation by high voltage electron micro-
scope (HVEM) and Mossbauer effects. With Nb and Co substituting parts of Fe and adding a little Dy,
practical magnetic alloy with excellent properties can be obtained. The thermal stability of it is 80 C
higher than that of ternary Nd-Fe-B magnet. The study shows that adding Nb into Nd-Fe-B can make
the intrinsic coercivity appear peak value at about Nb=2% (in mole fraction). Nb mainly enters into
Nd-rich and B-rich phases, a little into Nd;Fe,,B phase.
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1 INTRODUCTION

Nd-Fe-B permanent magnetic alloy has
excellent magnetic properties, but its Curie
temperature of only 312 C means bad thermal
stability. So to improve its thermal stability is
very important.

Curie temperature and thermal stability
are all very sensitive to material structure and
the only way to change material structure is
alloying. We have had Si, Ta, Nb, V, Ga,
Zn, Ti and Al to substitute Fe in Nd-Fe-B re-
spectively. This paper mainly reports the ef-
fect of Nb substituting parts of Fe.

Xiao Y et al point out that with Nb, Ti,
Zr respectively substituting parts of Fe, the
coercivity attains peak value when x in (Nd,, 4
Dy, 12) (Fegpu5—2C00.12 Bo s M )5 5 is 0. 036 or
Nb is 3% (in mole fraction). The addition of
Nb improves H, and I, therefore makes the
demagnetizing curve remain good square

degree. However, at Nb=10%} (in mole frac-
tion), 2-14-1 phase disappears. Tokunaga M
et al point out that when the addition of Nb
gets to minimum non-reversible losses. it does
not alter 7.,

How the addition of Nb raises the coer-
civity is still unknown. We know that the mi-
crostructure is related with the coercivify H .
To make clear the crystal defects, phase
changes and microstructure characteristics are
the base of studying the coercivity mechanism
of Nd-Fe-B alloy.

Mossbauer spectra instrument and X-ray
diffraction apparatus were utilized for study-
ing the effect of Nb on the alloy structure and
magnetic properties.

2 SAMPLE PREPARATION AND
EXPERIMENT

By conventional powder metallurgical
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ways, the following samples were prepared.
Ndyj;(Fei .Nd. ) B: (=0, 0.01, 0:02; 0.04;
0.08, 0.15) and (Ndy oDy, )i Fes Co.Nb,B,
(x=0, 2). 99.9% purity Nd, Fe and Co,
99.98% purity Nb and B-Fe alloy with B
18. 4% are mixed and melted in a vacuum non-
self consumed arc furnace. For prevention
from oxidization, air was first pumped to vac-
uum and then Ar was filled in*). The melt
procedure was repeated for three times and
casting alloy was obtained. Under organic
medium, the casting alloy was grounded to 3
~4 pm, shaped in 1.5 T magnetic field, sin-
tered at 1 100°C for 1 h, aged at 630 C,
quenched to room temperature and the sin-
tered samples were formed.

The preparation of samples for TEM ob-
servation was that the above-mentioned sam-
ples were cut perpendicular to ¢ direction to
0. 25 mm thick films, grounded and polished,
then thinned and washed for observation“*.

The observation of film samples were car-
ried on a JEM-1000 HVEM. Operation volt-
age was 1000kV, vacuum was 2.5X10 * Pa
and after N, added in was 0.7 X 10 ° Pa. lon
beam was 10 pA.

Mossbauer spectra were measured on an
Oxford Ms-500 apparatus with *Co/Rh as ra-
diation source and with a-Fe to define veloci-
ty.

The measurement for remanent magnetic
induction and coercivity was performed on a
C26-1 magnetic parameter measurer. Curie
temperature was measured on a magnetic in-
tensity meter.

3 RESULTS AND DISCUSSION

3.1 Magnetic Measurement

The samples were measured by using a
magnetic parameter measurer under a 4 T
magnetic field and the results are shown in
Table 1. It can be drawn out that for
Nd;s (Fe, . Nb.)#» B; (= = 0, 0. 0 5 0. 02,
0. 04, 0.08, 0.15), the intrinsic coercivity in-
creases by 45% at x=0.02, 20% at r=0. 01
and monotonously drops at x=0. 04, 0. 08 and
0.15, the remanent magnetic induction and

the maximum magnetic energy product
(BH ) both decline monotonously. Table 2
shows that the coercivity has increment after a
little Nb is added in.

Table 1 The magnetic properties of
Nd;;(Fe,_.Nb,);;B;

B, H, (BH) s
= /T /KA +m /kJ +m~?
0 1.24 670 292

0.01  1.22 886 270
0.02 1.20 1026 260
0.04 1.17 620 235
0.08 1.10 510 205
0.15  1.08 440 170

Table 2 The magnetic properties of samples
with and without Nb

¥ : Br iHc (BH)mnx
Sample i, /KA em~! /k] +m™?
(Ndy sDyo.1)15
Co.FenB, 1200 1360 216
(Ndo_gDyo_l)lr\ 1.08 1620 208

CosFe;)Nb,B;

3.2 Curie Temperature

Curie temperatures of Nd;(Fe, ,Nb.),;B;
(x=0.01, 0.02, 0. 04, 0.08, 0.15) are given
out in Table 3. The addition of Nb can not
raise the Curie temperature. At z = 0.08,
there appear two iron magnetic phases, 7. of
which are respectively 305 C and 110 C.
These two phases have been proved from ther-
momagnetic curves. The 0-T curves cross the
horizontal axis at 110 C and 305 C.

Table 3 The Curie temperatures of
x 0 0.01 0.02 0.04 0.08 0.15
7279 336 326 Se0 N 82 L 305 126

3.3 Microstructure at Room
Temperature
TEM observation for Nd-Fe-B alloy (see
Fig. 1) shows that the ternary alloy Nd,sFe;;B,
without Nd, Co and Dy has three phases of
matrix phase Nd,Fe B, Nd-rich phase and B-
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rich phase (Nd,..Fe,B,), sometimes with a
little e-Fe (Fe 99%, Nd 1%)™,

After Nb is added, except foresaid matrix
phase. Nd-rich phase and B-rich phase which
have existed, there appear new phases in Nd-
Fe-B. One of them is MgMn,-type Fe,Nb
phase, lattice constant @ = 0.482 nm, ¢ =
0.787 nm. As Fig.2 shows, it exists in
Nd,Fe,,B. lts size is very small, with diameter

Fig. 1 Microstructure of Nd,;Fe,;B;
at room temperature, X 80000
A —Nd-rich phase;
B —Nd,;Fe,;B matrix phase;
C —B-rich phase

Fig. 2 Electron microstructure of
(Nd, .Dy; ,);Fe;;Co;Nh,B,
at room temperature, X 20000
R —2-14-1 pahse;
P —crystal boundary;
C —Fe,Nb phase

2 ~4 pm, the Nb content is 20% ~ 45% in
mole fraction. Another kind is Nb-rich phase
with size 30 ~50 nm which is coherent with
matrix phase and spreads in Nd,Fe,;,B. How-
ever, Nb mainly concentrates at crystal
boundaries (see Fig. 2), thus the microstrue-
ture shape of Nd-Fe-B changes and so does the
case of which Nd-rich phase is mainly at trian-
gle crystal boundaries. From TEM observa-
tion, there exist a little precipitations called
Nb-rich phase except Fe,Nb. Its Nb content is
89% ~97%, Co and Fe are little. This shows
that Nb which precipitates before ageing
spreads into Nd-rich phase neighbouring to 2-
14-1 phase while ageing and forms new parti-
cles containing Nb. This spread makes crystal
very regular and smooth.

3.4 Microstructure at High
Temperature

The sample was put onto a side-inserted
heating platform in a 1 000kV HVEM, heated
and held under desired vacuum. The mi-
crostructure change was recorded and relevant
diffraction was obtained.

For studying the effect of Nb in Nd-Fe-
B, comparison experiment was carried out and
the result is as follows.

The microstructrue of Nd,;Fe,;B; at high
temperature is Nd,Fe;; B (matrix phase ).
Highly-spread precipitations fill in field of vi-
sion at 280 ‘C, after growing up, they are de-
marcated bce structure from electron diffrac-
tion with lattice constant a =10. 86 A and fi-
nally defined as Nd,O; from card index. B-rich
phase Nd,..Fe,B begins to change at 140 C.
Lattice distortion appears at 320 C and fol-
lows the alternation of microstructure, Nd-
rich phase films may broaden regularly at high
temperature.

For (Nd, s Dyg.: )15 CosFe;o Nb,B; which
contains Nb, dynamic observation was carried
out while heating. Below 400°C, the mi-
crostructure does not change. at above 400 C
some fine precipitations appear on the 2-14-1
matrix phase and are defined as Nd,O; by elec-
tron diffraction. There is no change on the
crystal boundary, the change occurs 100 C



70 TRANSACTIONS OF NFsoc

Mar. 1996

lower than that of 2-14-1 matrix phase, as
shown in Fig. 3.

Fig. 3 Electron Microstructure of
(Nd,, sDy, )1sFe;CosNb;B;
at 500 C, X20000

3.5 Mossbauer Spectrum for
Nd,;(Fe,—.Nb,) B,

Table 4 shows the occupation probability
of each crystal position of Fe and Nb in cubic
phase. Obviously. in the whole range of cubic
phase, Nb atoms first occupy e and ¢ positions.

Among neighbouring atoms of each crys-
tal position, atoms of ¢ and ¢ positions are very
few, so in case a few Nb elements enter in,
they will not cause great change of hyperfine
field of each crystal position, ¢ crystal position
has face anisotropy. the addition of Nb can
weaken it and meanwhile is beneficial for in-
creasing uni-axial anisotropy, therefore make

the coercivity improved.

Nb does not enter into cubic phase and al-
ter exchange actions, so the Curie temperature
has no great change, which is certified by the
test result (Table 3). Nb has little effect on
saturated magnetization intensity of 2-14-1
matrix phase, therefore the remanent magnet-
ic drop is small (Table 1). However, when
there is much Nb, the stability of 2-14-1 ma-
trix phase is ruined, the cubic phase no longer
exists and other two magnetic phases substi-
tute it, i.e. two phases atT,; = 110°C and T,
= 305 C (the structure of them is remained
for study).

3. 6 Relation Between Addition of Nd
and Cpercivity

The addition of Nb makes the coercivity
of the alloy appear peak value. For the
Nd,s(Fe; .Nb,);;B;, at x=0. 02, the coerciv-
ity has peak value (Table 1). Nb elements do
not enter into 2-14-1 phase at large amount,
then where are them? Nb elements mainly
concentrate in Nd-rich phase on the crystal
boundary, which makes the smoothing be-
tween Nd-rich phase and 2-14-1 phase im-
proved and is beneficial for curbing growing
up of 2-14-1 matrix phase and removing de-
fects which may become demagnetization nu-
cleation centres. For Nd-Fe-B sintered magnet
of which coercivity is controlled by nuclearing
field, demagnetization nucleation centers are
less, coercivity is higher.

We have proved that for sintered Nd-Fe-

Table 4 The occupation probability of each crystal position of
Fe and Nb in Nd,;(Fe,_,Nb,),;B;

Occupation 3 ! B .
2 2 e
probability & g ! H d
o1 P(Fe) 1. 006 1. 007 0.999 0. 985 0. 948 0.934
- P(Nb) —0.006"  — 0,007 0. 001 0. 015 0.052 0. 066
P(Fe) 0. 982 0.993 0. 986 0. 958 0.972 0. 958
0. 02
P(Nb) 0.018 0. 007 0.014 0.042 0.028 0. 042
Pi{Fe) 0. 951 0. 968 0. 965 0. 958 0. 951 0. 923
0. 04
P(Nb) 0.149 0.032 0. 035 0. 042 0. 049 0.077
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B, ageing at 550~630 C may double the coer-
civity s however, after ageing changes do not
occur in grains but at crystal boundaries. We
think for sintered Nd-Fe-B alloy, microstruc-
ture of boundary has much effects on coercivi-
ty. Because of the addition of Nb, except Nd-
rich and B-rich phases at crystal boundary,
there still exists Laves phase, i. e. Fe,Nb
phase, which can raise the pinning strength to
domain walls so increase the coercivity.

3.7 Practical Nd-Fe-B Alloy
Containing Nb

From Table 2, it can be seen the six-ele-
mented (Nd, Dy 1) :CosFe;Nb,B; permanent
alloy which contains Nb and Co has excellent
magnetic properties. Because of the high coer-
civity, the service temperature of Nd-Fe-B ris-
es 80 to 150 'C. With Nb and Co joint substi-
tuting parts of Fe and a little Dy substituting
parts of Nd, this kind of practical magnets
owns wonderful thermal stability and high
magnetic properties and has got successful ap-
plication in devices such as micromotors, mag-
netic controllers and wax-proof device for oil

recovery * *1,

4 CONCLUSIONS

(1) (Nd,, sDy,.1)1sFenCosNb,B; with high
coercivity, which is a kind of Nd-Fe-B alloy
with Nb added in, is obtained by powder met-
allurgy and may be used up to 150 C. TIts
properties are as follows: magnetic property
B, = 1.08 T, intrinsic coercivity ;H. =1 620
kA/m, maximum magnetic energy product
( BH )pax=208k]/m®.

(2) At the room temperature, in the

(Ndy.¢ Dyo,1 )15 Feqo Co;Nb,B;, except matrix
phase, B-rich phase and Nd-rich phase, there
still exists Fe,Nb phase, whose lattice con-
stants @ = 0. 482 nm, ¢ = 0.787 nm. Nb is
mainly at crystal boundary. From microstruc-
ture observation at high temperature, the
shape of alloy does not change below 400 C,
there are no any precipitations on matrix
phase, only at 100 C higher than that of
ternary Nd-Fe-B alloy appear precipitations.

(3) For Nd,; (Fe; ,Nb,);;B; permanent
magnetic alloy, at £ =0. 04, it can be drawn
out that only a little of Nb enter into ¢ and ¢
crystal positions, most of Nb enter into the
Nd-rich and B-rich phases at crystal bound-
ary.

(4) The addition of Nb in Nd-Fe-B can
not make the Curie temperature raised.

(5) The addition of Nb in Nd-Fe-B may
increase the intrinsic coercivity, and makes it
appear peak value at Nb=2%.
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