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The melt-spinning process has been carried out to improve the hard-magnetic properties of the TbhMngSng com-

pound. For the TbMngSng ribbons quenched at a rate of 40m/s and annealed at 545K for 30min, the highest coercivity

of about 0.6T is achieved at room temperature, which is much higher than that of the TbMngSng ingot. Both the ingot

and the ribbon coercivities will increase with decreasing temperature. For ribbons, a greater improvement of coercivity

has been made at lower temperatures. Microstructural studies show the uniform nanocrystalline distribution in the

TbMngSne ribbons and a small amount of Tbh-rich phase in grain boundaries. The observed remarkable improvement

of magnetic hardening in ribbons is believed to arise from the uniform nanoscale microstructure and the domain-wall

pinning at the grain boundaries.
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I.INTRODUCTION

The series of RMngSng (R=rare-earth element)
compounds with layered structures show a rich va-
riety of magnetic properties because the Mn atoms
carry a stable magnetic moment, and the compe-
tition between the intralayer and the interlayer ex-
change interactions gives rise to a sequence of mag-
netic structures when the temperature and the applied
field strength are changed.l!! The magnetic structures
and the magnetic properties of these compounds have
been studied extensively, while the relatively low or-
dering temperature and low intrinsic coercive force
at room temperature restrict their possible applica-
tions as permanent magnets. Among this class of
compounds, TbMngSng crystallizes in the HfFegGeg-
type structure (space group P6/mmm), which can
be viewed as made of (001) planes containing alter-
nately the magnetic Tbh and Mn atoms, stacking along
the c-axis with the sequence -Mn—Tb—Mn-Mn—Th—
Mn-.

ing temperature, the intralayer and interlayer Mn—

Throughout the range of the magnetic order-

Mn couplings are always ferromagnetic, while the in-
terlayer Th—Mn coupling is antiferromagnetic. This

results in the collinear ferrimagnetic arrangement of

this material. The TbMngSng compound also ex-
hibits a reorientation of the easy magnetization direc-
tion from the c-axis to the ab-plane at 330K. At 2K,
the magnetic moments of Tb and Mn are along the
c-axis with g(Mn) = 2.4up and u(Tb)=8.6up, while
at 300K, these magnetic moments are p(Mn)=2.0up
and p(Tb)=4.9up, and both deviate from the c-axis
by an angle of 15°.12] It has been reported that the
TbMngSng compound presents a comparatively large
coercivity of 1.12T at 4.2K, but at room temperature
its coercivity is only about 0.03T.[34! Although some
efforts have been made to develop the hard magnetic
properties of the TbMngSng compound, the result was
somewhat disappointing. For example, altering its
composition not only lowered the magnetic ordering
temperature of the ThMngSng compound, but also
slightly lowered its hard magnetic properties.[®!

It is well known that melt-spinning and me-
chanical alloying are powerful techniques for develop-
ing suitable nanocrystalline microstructures in inter-
metallic compounds. Both methods have been suc-
cessfully used to make various permanent magnets in-
cluding Sm~Co, Nd-Fe-B, Sm-Fe-N(C) magnets./6~*]
In the past years, we have conducted extensive studies

on nanostructured melt-spun 2:17-type carbides!®'%!
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and Nd-Fe-B alloy.'" In this paper, we will use
melt-spinning to obtain the nanoscale microstructure
and high coercivity in TbMngSng ribbons. The mi-
crostructure and the magnetic properties of this ma-

terial will be reported and their relationship discussed.
Oo. EXPERIMENT

The TbMngSng ingot was prepared by arc-
melting the constituent materials Tb, Mn and Sn
(with a purity of at least 99.9%) in highly purified
argon gas. A 15% excess of Mn and a 5% excess of
Tb were added to compensate for the loss of respec-
The

ingot was remelted at least three times to ensure ho-

tive materials during the arc-melting process.

mogeneity and annealed in an evacuated quartz tube
at 1043K for 240h. The ribbons were made by melt-
spinning the unannealed ingot onto a copper wheel
in a highly pure argon atmosphere with the substrate
velocity <40m/s.

at 40m/s and annealed at different temperatures for

Then the ribbons were quenched

30min in high vacuum. The crystal structure and
the phases present were identified by X-ray diffraction
(XRD) with CuKa radiation.

was studied by optical microscopy and high resolution

The microstructure

transmission electron microscopy (HRTEM) with en-
ergy dispersive X-ray (EDX) analysis for TbMngSng
ingot and ribbons with optimum coercivity, respec-
tively. Thermomagnetic curves for both the ingot
and the ribbons were measured by a vibrating sample
magnetometer (VSM) in a field of 0.05T. The hard
magnetic properties were measured with a VSM un-
der a maximum field of 1.9T at room temperature
and with a superconducting quantum interference de-
vice (SQUID) magnetometer under a maximum field
of 6T at different temperatures. Because the surface
of the ribbons was vertical to the applied magnetic
field when measured by SQUID, all the demagnetiza-
tion curves for the TbhMngSng ribbons were modified

by the demagnetization factor N=1/3.
. RESULTS AND DISCUSSION

All the as-quenched TbMngSng ribbons obtained
at v <40m/s were found to have hard magnetic be-
haviour. Our experimental results indicate that the
coercivity of the ribbons quenched at 40m/s and an-
nealed afterwards is higher than that of the ribbons
straightly quenched at all the other cooling rates. Fig-
ure 1 shows the variation of coercivity at room tem-

perature with annealing temperature (7,), measured

with a VSM in a field of 1.9T for TbMngSng ribbons

quenched at 40m/s and subsequently annealed at tem-
peratures from 480K to 733K for 30min in vacuum. It
can be seen that after annealing at 545K for 30min,
the coercivity of the TbhMngSng ribbons can reach
0.6T at room temperature, much higher than that of
TbMngSng reported previously.[*! We also notice that
the coercivity at room temperature does not change
much when the annealing time is longer than 30min.
The XRD patterns show that these ribbons mainly
consist of a HfFeg Geg-type phase with a small amount
of impurity phases appearing after melt-spinning. In
addition, thermomagnetic curves also show that the
Curie temperatures of the TbMngSng ingot and the
ribbons are both about 423K. From Fig.1, the coer-
civity of the ribbons annealed at low temperatures is
low, probably due to the existence of a more amor-
phous phase or due to the lack of enough crystalliza-
tion of the hard magnetic 1:6:6 phase. However, the
coercivity increases sharply with the increasing an-
nealing temperature and reaches a maximal value of
0.6T at 545K. After that, the coercivity drops rapidly
at higher annealing temperatures. This may be at-
tributed to the increase in grain size and perhaps more

impurities present in the ribbons.
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Fig.1. The variation of coercivity with annealing
temperature (Th) of the TbMngSng ribbons.

For the TbMngSng ingot and its ribbons annealed
at 545K for 30min, the temperature dependence of co-
ercivity (;H.) is shown in Fig.2. The high anisotropy
field Ha of this material at low temperatures re-
sults in the high coercivity for both the ingot and
the ribbons, as found in many rare-earth compounds
previously.['213] For ThMngSng ribbons, we first mea-

sured the demagnetization curves at various temper-
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atures without field-cooling. The coercivity increases
up to about 2.5T at 150K and then decreases sharply
with further decreasing temperature. However, the
magnetization saturation below 150K is not reached
and the demagnetization curves are very asymmet-
rical, indicating that the values of coercivity below
150K deviate from the realistic values of this mate-
rial. Next, we measured the demagnetization curves
of the ribbons while field-cooling; that is, applying a
field of 6T at room temperature to saturate the ma-
terial at first and then cooling down to the measuring
temperature. The values of the coercivity below 150K
are much higher than those measured without field-
cooling. However, the material is still not magnet-
ically saturated and the demagnetization curves are
also asymmetrical, which can be seen in Figs.3 and
4. Thus, even by field-cooling, the values below 100K
More-

over, the lower the measuring temperature, the more

are still underestimated in our experiments.
the results deviate. It is reasonable to deduce that
the ribbons exhibit a continuous increase of H, from
300K to 5K, and this is in agreement with the conclu-
sion of the coercive field in the TbhMngSng compound

reported by Malaman et al.l4]
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Fig.2. Temperature dependence of ;H. for the

TbMngSng ingot and annealed ribbons.

Figure 3 shows the demagnetization curves for
TbMngSng ribbons measured at various temperatures
during field-cooling. At 300K, the coercivity of the
ingot almost disappears while that of the ribbons still
remains at about 0.5T, and the improvement of co-
ercivity for this material can be further enhanced at

lower temperatures.
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Fig.3. Typical demagnetization curves of the an-

nealed TbMngSng ribbons at 100, 200 and 300K.
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Fig.4. Initial magnetization and demagnetization curves
for the TbMngSng ingot and annealed ribbons at 5K.

The initial magnetization behaviour of the
TbMngSng ingot and ribbons at 5K, along with their
demagnetization curves, are shown in Fig.4. For
TbMngSng ribbons, the magnetization values under a
field of 6T are different in the two curves because the
demagnetization curve was measured at field-cooling.
As discussed above, the demagnetization curve of the

ribbons is very asymmetrical and the coercivity is even
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lower than that at 50K. A knee can be observed in the
demagnetization curve of TbMngSng ribbons in Fig.4,
probably due to the presence of soft magnetic phases.
For TbMngSng ribbons, the initial magnetization is
marked by a low initial permeability, which then in-
creases to a maximum when the field becomes compa-
rable to its coercivity. This kind of magnetization is
typical of domain-wall pinning at grain boundaries.14
This result is in agreement with previously reported
measurements on melt-spun Sms(Fe,Ga);7C, and Nd-
Fe-B ribbons.[15:16] Unlike the ribbons, the TbMngSng
ingot shows a large initial permeability, indicating
that the domain walls are initially free to move and
can be swept through the sample under low fields.
This is the typical coercivity mechanism of nucleation

of reverse magnetization.

Fig.5. HRTEM image of the TbMngSng ribbons an-
nealed at 545K for 30 min.

From the optical microscopy, we found that the
typical grains of the TbhMngSng ingot have an elon-
gated shape. Most of the grains are about 80um
wide and about 800xm to 1200um long. The HRTEM
picture of TbMngSng ribbons annealed at 545K for
30min is shown in Fig.5. The typical grain size is
about 20nm and most of the grains are also of an
elongated shape resulting from the relatively low an-
nealing temperature, unlike the equiaxed grains of
previous 2:17-type ribbons, which were annealed at

high temperatures.[1%17] The elongated grains vary in

length from 20nm to 30nm, and hence the average
grain size is distributed in a rather small range. EDX
analysis reveals that most of the grains are of a 1:6:6-
type phase, while there is a small amount of Th-rich
areas surrounding the 1:6:6-type grains. Both the uni-
form nanoscale grains and the phase rich in rare-earth
element located in grain boundaries, greatly improve
the hard magnetic properties of the TbMngSng rib-

bons.

As shown above, the remarkable improvement of
coercivity of this material mainly comes from two es-
sential differences between the TbMngSng ribbons and
the ingot. On the one hand, the average grain size of

the ingot is much larger than that of the ribbons.

As shown by HRTEM, the average grain size of
the ribbons is smaller than the critical single domain
particle size, thus the grains in the ribbons can be
viewed as “single-domain particles”. Because only
magnetic moment rotation occurs in the magnetiza-
tion and demagnetization processes in single-domain
particles, the ribbons are difficult to magnetize and
demagnetize so that they have low initial permeabil-
ity and high coercivity. On the other hand, since the
individual grains are smaller than the critical size, ad-
jacent grains will interact with each other and well-
defined domain walls will be formed by coalescence of
domain walls from individual grains or group of grains.
Consequently they are strongly pinned at the outer
boundaries of these grains. In this case, the impuri-
ties of Tb-rich phases appearing at the grain bound-
aries in the ribbons provide the pinning sites. There-
fore, the domain wall pinning at the grain boundaries
also accomplishes the high coercivity of these ribbons.
Similar conclusions have been made in the study of

melt-spun Nd-Fe-B magnets.[!8]
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