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Abstract----- The magnetic properties of the hot-pressed
magnets made from the Fe-Nd-B alloys, mechanically ground
and subsequently blended with binary additives such as Al-Cu
and Ag-Zn before hot pressing, were investigated. The
coercivities of the magnets increased as the concentration of
Al-Cu increased up to 1 wt. %, or up to 3 wt. % in the case
of Ag-Zn. At higher concentrations the coercivities decreased
markedly. The maximum gain in coercivity by the addition
was about 20 %. Typical values of {H¢ and By of a hot-
pressed magnet containing 1 wt. % Al-Cu were 18 kOe and 7
kG, respectively. It was found that Cu, Ag, and Zn, which
diffused into the magnet during hot pressing, were mostly
concentrated on the Nd-rich grain boundary phase whereas Al
was present not only in the grain boundary region but also in
the matrix grains.

I .INTRODUCTION

To make bonded or fully dense Fe-Nd-B magnets
crushed melt-spun Fe-Nd-B ribbons are commonly
used as the starting material. An alternative way to
produce powders for making these magnets can be
mechanical grinding and subsequent heat treatment
of a cast Fe-Nd-B alloy. Probably due to the severe
mechanical damage on hard magnetic grains and
their boundaries [1], however, the magnetic
properties, especially the coercivities, of a magnet
made from the mechanically ground Fe-Nd-B are
usually lower than those of the melt-spun
counterpart. Thus, to improve the coercivities, it
may be necessary to introduce small amount of
other elements which may affect the grain boundary
phase into the mechanically ground Fe-Nd-B.

In general, additives to modify the magnetic
properties of Fe14Nd;B type magnets are mixed
into the Fe-Nd-B alloy at the initial melting and
casting of the ingot. Previous work, however,
showed that small amounts of powdered elements
(especially, Zn) added into the crushed Fe-Nd-B
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ribbons just before hot working, so that they
diffused into the ribbons during hot working,
enhanced the coercivities of die-upset magnets
[2,3]. The enhanced coercivities of the magnets are
thought to be attributed to modification of the grain-
boundary phase by the Zn (or other additives)
diffused along the Nd-rich grain-boundary phase,
which is molten or nearly molten at hot working
temperature. This diffusion-alloying process is also
effective to increase the coercivity of Zn-bonded
Fe7SmyNx magnets [4]. So far the diffusion
alloying has been made only with pure elements,
but the alloying with combined elements has not
been tried. In the present work we have mixed
metal powders of Al-Cu and Ag-Zn alloys with the
mechanicaily ground Fe-Nd-B powder prior to hot
pressing, and investigated the influence of these
binary additives on the magnetic properties of the
hot-pressed magnets.

I.EXPERIMENT

Ingots of Fe7sNd|Bg were prepared by vacuum
induction melting. The purity of the constituent
elements was 99.9 % for Fe and Nd, and 99.5 %
for B. Under a high-purity Ar atmosphere the
ingots were crushed into particles under 35 mesh in
a disc mill. Then, the mechanical grinding was
carried out in a planetary ball mill for 12 hours after
the particles were sealed in a cylindrical stainless-
steel ball under the Ar atmosphere. Instead of using
combined elemental powders for addition, ingots of
intermetallic Alg7.5Cu32 5 and Az42Znsg (in at. %)
were also prepared by vacuum induction melting the
high-purity elements (Al, Cu, Ag, and Zn were all
99.9 %). These ingots were then pulverized by
using a disc mill and a ball mill as described above.

Before hot pressing, the mechanically ground Fe-
Nd-B and binary additives were blended for one
hour in a ball mill. The binary additives were
measured by weight such that a mixture would have
1 wt. % Al-Cu (or Ag-Zn) powder and 99 wt. %
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Fe-Nd-B, in concentrations ranging from | to 10
wi. %. Hot pressing of a mixture was performed in
a graphite die with the bore size of 8 mm. The
mixture was heated to 750 °C in vacuum and
pressed isostatically at I tonfem?.

Magnetic propertics (B and jH) of a hot-pressed
magnet magnetized at 25 kOe were measured by a
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Fig. | Dependence of {He and B on (a) Al-Cu and (b) Ag-Zn
content in hot-pressed magnets with the starting composition
of Fe7gNd6Bg-
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DC-flux meter. X-ray diffraction was perforred for
phase identification, and SEM and AES werc
employed for microstructural investigation and
chemical analyses.

M.RESULTS AND DISCUSSION

Fig. 1 shows the variation of {H¢ and By of the
hot-pressed magnets along with the increase of the
amount of binary additives. As shown in the f{igure,
the coercivitics of the magnets increase as the
concentration of Al-Cu increases up to | wt. %, or
up to 3 wt. % in the case of Ag-Zn. At higher
concentrations the coercivities decrease markedly,
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Fig. 2 Demagnetization curves for hot-pressed magnets
containing (a) 1.0 wt. % Al-Cu and (b) 3.0 wt. % Ag-Zn.
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and above 5 wt. % for both cases the coercivities
drop below that of the additive-free magnet. The
magnets containing high Ag-Zn exhibit severer
deterioration of the coercivities than their
counterparts containing high Al-Cu. The maximum
gain in coercivity by the addition, in the case of Al-
Cu, is about 20 %. The addition of Ag-Zn yields
lower gain than that of Al-Cu. The variation of the
remanence is less sensitive to the addition although
the remanences of the magnets decrease
monotonically with increasing the concentrations of
the additives in the magnets. The demagnetization

Fig. 3 Distribution of Al and Cu in a hot-pressed magnet
containing 5.0 wt. % Al-Cu: (a) SEM micrograph, (b)
corresponding distribution of Al, and (c) corresponding
distribution of Cu.
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curves for the hot-pressed magnets containing 1 wt.
% Al-Cu and 3 wt. % Ag-Zn are shown in Fig. 2.
Typical values of {H¢ and B; of a hot-pressed
magnet containing 1 wt. % Al-Cu are 18 kOe and 7
kG, respectively, which are almost equivalent to
those of the magnet made from melt-spun
precursors containing 0.5 wt. % Zn [3]. Comparing
with the magnets made from the melt-spun
precursors, lower values of B, frequently
encountered in the magnets made from the
mechanically ground precursors are primarily
attributed to the stoichiometry of the precursors, in

Fig. 4 Distribution of Ag and Zn in a hot-pressed magnet
containing 5.0 wt. % Ag-Zn: (a) SEM micrograph, (b)
corresponding distribution of Ag, and (c) corresponding
distribution of Zn.
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which more Fe is contained in the melt-spun curves in Fig. 2 may be improved by die upsetting
precursors whose composition is closer to the the hot-pressed precursors as in the case of melt-
stoichiometric Fe14Nd;B. The squareness of both  spun magnets {2,3].

Fig. 5 Fractured surface of a hot-pressed magnet containing 3.0 wt. % Al-Cu
and the corresponding maps of Al, Cu, and Nd.

Fig. 6 Fractured surface of a hot-pressed magnet containing 3.0 wt. % Ag-Zn
and the corresponding maps of Ag, Zn, and Nd.
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The grain size of the hard magnetic Fej4Nd;B is

well less than 5 gm in the additive-free magnets and
in the magnets containing small amount (< 3 wt.
%)of binary additives ( see Fig. 5 and 6) However,

larger grains (5 ~ 10 ptm) are occasionally observed
in the magnets containing more additives (refer to
Fig. 3 and 4), and the portion of the larger grains
apparently increases as the amount of the additives
increases. In the magnets containing 10 wt. % Al-

Cu (or Ag-Zn), grains larger than 10 pm are often
found. These large grains indicate the grain growth
of the matrix phase during hot pressing, and the
grain growth is mainly responsible for the poor
coercivities of the magnets containing higher
amount of the additives. Similar grain growth was
also observed in the hot-pressed Fe-Nd-B magnets
treated with small amount of Cu [5].

The distribution of Al and Cu in the magnet
containing 5 wt. % Al-Cu and that of Ag and Zn in
the magnet containing 5 wt. % Ag-Zn, which were
mapped by SEM, are shown in Fig. 3 and 4,
respectively. While Al is distributed uniformly
throughout the magnet, except for the inside of
larger grains, the distribution of Cu is uneven,
gathering at certain areas. In the case of Ag-Zn,
although the distribution of Zn looks more even, Ag
and Zn largely behave in a same manner, collecting
more at some particular areas. In other words, Al
only diffuses thoroughly through the magnet at the
hot-pressing condition. For Cu, Ag, and Zn, in
contrast, hot pressing temperature and/or time may
not enough to diffuse more completely. Die-upset
may lead to more even distribution of these
additives. EDX results obtained from several points
within both magnets confirm the locations of the
additives as in Fig. 3 and 4. EDX analyses also
indicate that the locations where Cu, Ag, and Zn
collect mostly are the Nd-rich grain boundary areas.
On the other hand, Al is present also in the matrix
grains, except for the inside of larger grains as
already shown in Al map, suggesting that it not
only diffuses through the magnets but also reacts
with the grains during hot pressing.

As shown in Fig. 5 and 6, Auger maps of Cu, Ag
and Zn, obtained from the magnets containing 3 wt.
% Al-Cu and Ag-Zn, respectively, clearly manifest
that these elements collect mainly at Nd-rich regions
which ought to be the grain-boundary areas in the
magnets. Unfortunately, locations of Al are not
clear in Fig. 5. But it was confirmed by SEM that
the distribution of Al was uniform in the magnet. It
is well known that Cu is located at Nd/Pr-rich grain
boundary areas [6-10], altering the boundaries and
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consequently increasing the coercivities. EDX
analysis indicates that the additive-containing grain
boundaries are multiphase regions. X-ray
diffraction fails to identify any new intermetallic
phase that might be form between Nd and the
additives. EDX results show, however, that the
atomic ratio Nd: (Al, Cu) or Nd: (Ag, Zn) in certain
parts is approximately 2:1 or 4:1 depending upon
the location. In some parts their ratio approaches
1:1. The existence of the intermetallic phase CuNd
was reported elsewhere [9]. The Al-stabilized [11]
or Zn-stabilized [2] Laves phase was less obvious.

IV.CONCLUSIONS

The coercivity of the magnet prepared from the
mechanically ground precursors can be improved
by small amount of additions (1 wt. % for Al-Cu or
3 wt. % for Ag-Zn). The maximum gain in
coercivity by the addition is about 20 %, and the
values of jH; and B; of a hot-pressed magnet
containing 1 wt. % Al-Cu are 18 kOe and 7 kG,
respectively. The enhancement of coercivities in the
hot-pressed magnets containing binary additives is
attributed to modification of the grain-boundary
phases, by diffusion-alloying the additives with the
grain-boundary phases during hot pressing, even
though the nature of the grain-boundary phases is
not clear and some additives react with the hard
magnetic grains.
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