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Bulk anisotropic composite Nd,3 sFegyGay B¢/ a-Fe and Nd,4Fe;q ;Gaj sB¢/Fe—Co magnets with
(BH) 0x=45-50 MG Oe have been synthesized by blending a Nd-Fe-Ga-B powder with an
a-Fe or Fe—Co powder followed by hot compaction at 600-700 °C and hot deformation (die
upsetting) at 850-950 °C with a height reduction of 71%. The composite Nd,; sFeg;Gay 5B/ a-Fe
and Nd4Fe;9 5Gag sB/Fe—Co magnets show microstructures consisting of a very large soft phase
up to ~50 um, which is more than 1000 times larger than the upper size limit of the soft phase
expected from the existing models of interface exchange coupling. © 2006 American Institute of

Physics. [DOI: 10.1063/1.2171959]

I. INTRODUCTION

It is well known that in order to obtain an anisotropic
Nd-Fe-B magnet by hot deformation, it is critical to have a
Nd-rich phase at the grain boundary in the magnet alloy. It is
believed that at the hot deformation temperature (usually
around 850-950 °C), the Nd-rich phase is partially melted,
which wets grain boundaries and facilitates the formation of
the desired crystallographic texture.' Yet no Nd-rich phase is
present in a composite Nd,Fe,B/a@-Fe magnet alloy. Rather,
a free a-Fe phase is present. Repeated experiments have
demonstrated that it is difficult to obtain good grain align-
ment in composite Nd,Fe 4B/ a-Fe magnet alloys without
the Nd-rich phase.

Previously, bulk anisotropic nanocomposite Nd,Fe,B/
a-Fe magnets were made by hot compacting and hot deform-
ing two Nd-Fe-B powders, one with a Nd content slightly
above the stoichiometric composition (11.76 at %) and the
other with a Nd content below the stoichiometric composi-
tion. This technique is capable of producing nanocomposite
Nd,Fe,,B/a-Fe magnets with (BH) ., =40-45 MG Oe.” Ex-
periments have established that better magnetic performance
can be obtained by substantially reducing the Nd content in
the Nd-poor alloy. These results indicate that the best mag-
netic performance can be accomplished if the Nd content in
the Nd-poor alloy is reduced to zero and, thus, the Nd-poor
alloy becomes a pure a-Fe or Fe—B alloy.

Il. EXPERIMENT

The purity levels of the raw materials used in our experi-
ments were Nd-95%, Fe>99%, Co>99%, and Ga-
99.99%. The compositions of the Fe-B alloy were 20.54
wt % B and 77.72 wt % Fe. The particle size of the Fe pow-
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der was about 3—-5 wm and the O, content was 0.2 wt %. The
particle size of the 50%Fe-50%Co powder was about
10-50 wm. The Nd-Fe-Ga-B alloys were prepared by
vacuum arc melting, followed by melt spinning with a wheel
speed of 40 m/s. The ribbons were then crushed to
200-300 wm. Bulk magnet samples were prepared by a two-
step process: 1f inductive heating to 600-700 °C, along with
simultaneous compaction under a pressure of ~1.7
X 108 Pa for a total cycle time of ~2 min, followed by hot
deformation (die upsetting) at 850-950 °C under a pressure
of ~6.9X 107 Pa for a total cycle time of 4—-8 min. The
typical sample height reduction in the latter step was 71%.

Samples were analyzed using a hysteresis graph for
room temperature magnetic properties, using a 13-mm-diam
specimen. Scanning electron microscopy (SEM), Xray dif-
fration (XRD), and transmission electron microscopy (TEM)
were used to characterize particle size, grain alignment, and
microstructures.

lll. RESULTS AND DISCUSSIONS

Figure 1 is a SEM micrograph showing Fe—Co particles
used in this study. Most Fe—-Co particles have diameters

FIG. 1. SEM micrograph of Fe-Co powder particles used in this study.
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FIG. 2. SEM back scattered electron image of a hot-deformed composite
Nd,; sFegoGay sBg/ a-Fe (91.7 wt% 8.3 wt% ) magnet.

ranging from 10 to 50 wm, although particles of only a few
micrometers are also present. Similar to the Fe—Co powder,
the a-Fe powder used in this study also has a spherical
shape, but with a much small size of 3-5 um. Figure 2 is a
SEM backscattered electron image of a hot-deformed
Nd,; sFeg,Gag sBs/ a-Fe(91.7 wt % /8.3 wt %) magnet. The
dark gray phase is the a-Fe, while the light gray is the 2:14:1
phase. The a-Fe phase has a length of up to over 20 wm and
a thickness of 5-10 um. Apparently, the a-Fe powder par-
ticles were agglomerated during processing.

Unlike the a-Fe particles, the Fe—Co particles were not
agglomerated. As shown in Fig. 3, each individual Fe-Co
phase (the dark gray phase) was formed from a single Fe-Co
particle. Composite Nd,4Fe;9 sGaj sB¢/Fe—Co magnets dem-
onstrate smooth demagnetization curves with moderately
high ,,H, of over 10 kOe and (BH),y,,, up to ~50 MG Oe, as
shown in Fig. 4. The specimen as shown in Fig. 3 has ,,H,
=10.2 kOe and (BH),x=46 MG Oe. Composite Nd-Fe—
Ga-B/a-Fe magnets show similar demagnetization curves
and magnetic performance. As a comparison, the typical
magnetic properties of the annealed Nd,Fe,q sGay sBg pow-
der were B,=~8KkG,,H.~17k0Oe, and (BH)
~16 MG Oe.

Adding more soft phase resulted in higher magnetization
but lower coercivity. The best magnetic performance was
obtained when the Fe—Co or a-Fe fraction was around 3%-—
8%. Figure 5 shows the effects of the Fe—Co fraction on the

FIG. 3. SEM back scattered electron image of a hot-deformed composite
Nd, 3 sFeg,Gag sB¢/Fe-Co (95 wt%35 wt%) magnet.

J. Appl. Phys. 99, 08B516 (2006)

16

114
N T

1478 K5, ,H, = 12.70k08 |
= 1094 k08, H, = 9.18 k0 - |2
B, =50.6M60e. |

Magnetization or induction (kG)

46 -14 -12 -0 -8 -6 -4 2 0
Magnetic field strength (kOe)

FIG. 4. Demagnetization curves of an anisotropic Nd,Fe;ysGajsBg/
Fe—Co (97 wt% 3 wt%) magnet with (BH),,,,=50 MG Oe.

magnetic properties of composite Nd,Fe;qsGajsBg/Fe—Co
magnets. A small amount of substitution of Dy for Nd in
Nd,Fe 4B led to a substantial enhanced coercivity, which al-
lows adding additional soft phase in the composite magnets,
while still maintaining acceptable magnetic properties. For
example, a Nd;;Dy;Fe;sGaj B¢/ a-Fe magnet containing
15% «a-Fe phase still demonstrates a high intrinsic coercivity
value of over 10 kOe.

Using the technique of blending Nd-Fe-Ga-B with
Fe—Co or a-Fe powder can significantly improve the grain
alignment in composite magnets. Figure 6 compares XRD
patterns of three magnets. A better grain alignment is repre-
sented by enhanced (004), (006), and (008) intensities and a
greater than 1 intensity ratio of (006) over (105). It can be
seen that the grain alignment of the magnet prepared using
blending a-Fe technique is much better than that of a magnet
prepared using blending a Nd-rich alloy and a Nd-poor alloy
and similar to that of a commercial sintered anisotropic Nd—
Fe-B magnet.

Figure 7 shows elongated and aligned nanograins in the
2:14:1 matrix phase of a Nd;35FegGaysBg/a-Fe
(95 wt % /5 wt %) magnet with (BH),,,x=48 MG Oe. Fig-
ure 8 shows the hard/soft interface of the same specimen. In
addition to elongated and aligned nano-Nd,Fe,B grains,
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FIG. 5. Effects of Fe-Co fraction on magnetic properties of composite
Nd,4Fe; sGa, sBs/Fe—Co magnets.
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FIG. 6. A comparison of XRD patterns of (a) a composite Nd,Fe,B/a-Fe
magnet with (BH),,«~40 MG Oe prepared by blending a Nd-rich Nd-
Fe-B powder with a Nd-poor Nd-Fe-B powder, (b) a composite
Nd-Fe-B/a-Fe magnet with (BH),,,x ~50 MG Oe prepared by blending a
Nd-rich Nd-Fe-B powder with an a-Fe powder, and (c) a commercial sin-
tered Nd—Fe-B magnet with (BH),,,x ~40 MG Oe.

large Nd,Fe 4B grains are usually observed at the interface,
while large a-Fe particles basically maintain their original
round shape after hot deformation.

Previous studies®™ reported that the optimum soft phase
size in a composite Nd-Fe-B/a-Fe magnet is ~10 nm and

FIG. 7. A TEM micrograph of a Nd,3 sFegyGag sB¢/ @-Fe (95 wt%5 wt%)
magnet with (BH),,,,=48 MG Oe.
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Elongated and aligned
Nd.Fe,,B \grains

FIG. 8. A TEM micrograph of a composite Nd;;sFeg,GaysBg/ a-
Fe (95 wt%35 wt% ) magnet showing hard/soft interface.

its upper limit is approximately 20-30 nm for effective in-
terface exchange coupling. However, this study demonstrates
that smooth demagnetization curves and high magnetic per-
formance up to 50 MG Oe can be obtained even when the
soft phase has very large size up to 50 um. This soft phase
dimension is more than 1000 times larger than the upper
limit of the soft phase size suggested in the current models of
interface exchange coupling. This indicates that the hard/soft
interface exchange coupling in a composite magnet is actu-
ally much stronger than what investigators previously under-
stood.

The microstructures shown in Figs. 2 and 3 are by no
means a desired microstructure. If the size of the soft phase
can be significantly reduced and its distribution substantially
improved, then more soft phase could be added into compos-
ite magnets without sacrificing coercivity, which would lead
to a greatly enhanced (BH) yy.
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