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Microstructures and the Magnetic Properties of Fe;B/(Nd, Dy),Fe 4B
Nanocomposite Microalloyed with Cu and Zr *
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The effect of Zr and Cu addition to a Nd3 4Dy Fe7;3B135Cr24Coy 4 alloy on the microstructure and the magnetic properties of
Fe3B/Nd,Fe 4B nanocomposite has been investigated by a three-dimensional atom probe (3DAP) and transmission electron microscopy (TEM).
Addition of a small amount of Zr and/or Cu is effective in improving the hard magnetic properties of the base alloy. Cu atoms form clusters
in the early stage of crystallization, and Zr atoms are segregated at the interfaces of Fe3B/NdyFe 4B being rejected from the Fe3B soft mag-
netic phase on the optimal heat-treated condition. This causes refining the nanocomposite microstructure, resulting in improved hard magnetic

properties compared to those of the base alloy.
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1. Introduction

Since the magnetic properties of exchange coupled
Fe;B/Nd,Fe 4B type nanocomposite permanent magnet sen-
sitively change depending on the grain size of soft and hard
magnetic phases, many investigations have been carried out
on the microstructural control by microalloying.! For ex-
ample, Ping et al.® reported that micro-alloyed elements
such as Cu and Nb are effective in refining the nanocom-
posite microstructure of Nd4 sFe;7Bigs alloy, thereby im-
proving the hard magnetic properties. It is well known
that the magnetocrystalline anisotropy, K,, of the Nd,Fe 4B
phase can be improved by replacing Nd with a heavy rare
earth element such as Tb and Dy.” However, this does not
necessarily leads to increased coercivity in the nanocom-
posite magnet materials, because the grain size becomes
larger as a result of increased crystallization temperature.
In exchange-coupled spring magnets, both remanence and
(B H)pmax increase as the mean grain size decreases because
stronger exchange-coupling is expected from smaller grains.
On the other hand, due to the competing effect of the ex-
change coupling between the soft and the hard magnetic
grains and that between the hard magnetic grains, coerciv-
ity is expected to decrease when the mean grain size becomes
smaller than some critical value (~20nm).® It is known that
the crystallization temperatures of both Fe;B and Nd,;Fe 4B
can be reduced by a small addition of Cu, since the Cu clus-
ters that form prior to the crystallization reaction catalyze the
heterogeneous nucleation of the Fe;B phase.® Zr addition,
on the other hand, increases these crystallization tempera-
tures, similar to Nb addition, but it appears to be effective
in increasing coercivity.” This study aimed at understand-
ing the role of Zr in improving the hard magnetic. properties
of Fe;B/Nd,Fe;4B nanocomposite magnets by characteriz-
ing the microstructural features by transmission electron mi-
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croscopy (TEM) and three-dimensional atom probe (3DAP).
2. Experimental Procedure

Amorphous ribbons with nominal compositions of
Ndz 4Dy1Fe723B135Cra4Co24,  Nds4Dy;Feq; 9B1g5Crog-
C02.4Cug 4, Nd3 4Dy Fe7:B 15 5Crp 4C02.4Z10 3, and Nd3 4Dy -
Fe717B185Cry 4Co, 4Cug 4Zrg», in addition to a base alloy
composition of Nd4 sFe;3B;55Cr,Co,, were prepared by the
single roller melt-spinning technique under an argon atmo-
sphere at a wheel surface velocity of 7 to 20m/s. The amor-
phous ribbons were isothermally heat-treated at various tem-
peratures between 873 K and 973 K for 6 min in an argon at-
mosphere. Magnetic properties of these heat-treated samples
were measured with a vibrating sample magnetometer (VSM)
at room temperature. The crystallization behavior was in-
vestigated using a differential scanning calorimetry (DSC) at
a heating rate of 20 K/min. The microstructures were char-
acterized by a Philips CM200 transmission electron micro-
scope (TEM) and a locally built energy compensated three-
dimensional atom probe equipped with the CAMECA optical
tomographic atom probe detection system.'?

3. Results

The magnetic properties of the melt-spun ribbons after op-
timal heat treatments are summarized in Table 1. Although
the coercivity increases as a result of 1 at% Dy addition to the
base alloy, the remanence and (B H)max of Dy-containing al-
loys are lower than those of the base alloy. Coercivity further
increases by microalloying Cu and/or Zr.

Figure 1 shows DSC traces of the as-quenched amorphous
ribbons measured at a heating rate of 20 K/min. All sam-
ples show two exothermic peaks, suggesting that the crys-
tallization from amorphous to Fe;B/Nd,Fe 4B nanocompos-
ite occurs in two stages. By TEM observation (not shown),
we have confirmed that the first peak corresponds to the pri-
mary crystallization of a soft magnetic Fe;B phase from the
as-melt-spun amorphous alloy and the second peak corre-
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Table 1 Magnetic properties of Fe3B/Nd;Fe;4B nanocomposite magnets
micro-alloyed with Dy, Cu and Zr.
Composition (at%) Br H; (B H)max
(T (kA/m)  (kJ/m?)
Nd4A5FC73B|8,5CI‘2C02 1.05 378 108
Nd3 _4DY] Fe7243B 185 Cr2_4 C02'4 0.976 398 87
Nd3,4Dy1 Fe7 1 _9B 1 g_5Cr2.4 C02.4 Cl.l()_4 0.96 470 104
Nd3,4Dy1 FC72B]3,5CI'2_4C02_4ZI‘0_3 0.96 422 97
Nd3_4DY| Fe71,7B 18_5CI‘2_4C02_4C110.4ZI'0_2 0.97 465 105
(a) Nd3,Dy,Fez;3Byg5 Cr244C°_2.4
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: (NdDy) 2Fe1 4B
(b) Nd 3 4Dy, Fe74 Big 5 Crp 4C0, 4 Cug 4
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Fig. 1 DSC traces of (a) Nd34DyiFes3B1gs5Cry4Cos4, (b) Ndz4-
DiyFe71.9B155Cr24C024Cu04, (¢) Nd34Dy;Fey;Big5Cr2.4C02.47r103
and (d) Nds4DyiFe71.7B135Cr24C024Cug4Zrp; melt-spun ribbons
scanned at a heating rate of 20 K/min.

sponds to the crystallization of the (Nd, Dy),Fe 4B hard mag-
netic phase from the remaining amorphous matrix. Figure 1
shows that a small addition of Cu decreases the crystalliza-
tion temperatures of both phases. Zr addition, on the other
hand, shifts two peaks to higher temperatures. Addition of
Cu to the Zr-containing alloy keeps the crystallization temper-
atures almost the same as those for the Cu-containing alloy.
From these results, we can conclude that Cu addition reduces
the crystallization temperatures, while Zr addition increases
the crystallization temperatures or stabilizes the amorphous
phase.

Figure 2 shows bright field TEM micrographs of all
the samples with the optimum heat treatment conditions,
Le., (a) Nd3.4Dy1FC72_3B18.5CI'2_4C02_4 annealed at 953 K, (b)
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(b) -0.4Cu

Fig. 2 TEM bright field micrographs of the optimally heat-treated of (a)
Nds 4Dy Fe72.3B15.5Cr2.4Co2 4, (b) Nd3 4DyyFe71.9B13.5Crz4Co;.4Cug 4,
(¢) Nd3.4Dy1Fe7;B15.5Cr2.4C02.4Zr0 3 and (d) Ndz 4Dy Fe71.7B1g 5Cra.4-
Co2.4Cug.4Zrp 2.

Nds 4Dy Fe7;1.9B13.5Crp.4Co0, 4Cug4 annealed at 873K, (c¢)
Nd3_4Dy1F€72B18_5CI'2‘4C02_4ZI'().3 annealed at 953K and (d)
Nd3.4Dy1Fe71.7B18.5CI’2.4C02_4CL10,4ZI‘0.2 annealed at 893 K.
The grain size of the alloys containing Cu is approxi-
mately 24 nm and that of the alloy containing Zr is approx-
imately 20 nm, which are smaller than that of the base alloy
(~30nm). It should be noted that the addition of only 0.2 at%
of Zr has an effect to refine the crystal grain size, although a
previous work reported that single addition of 2 at%Nb was
not effective in refining the Fe;B/Nd,Fe ;4B nanocomposite
microstructure.® The alloy containing both Cu and Zr has the
smallest grain size (~ 13 nm).

Figure 3(a) shows a 3DAP elemental map of Nd and Cu in
an analysis volume of approximately 11 x 11 x 82nm?> ob-
tained from a Nd3.4Dy1F€71_7B18.5CI'2.4C02.4C110.4ZI'0_2 alloy
annealed at 893K for 6 min. Small and large spots corre-
spond to Nd and Cu atoms, respectively. The Nd-enriched
regions correspond to the hard magnetic (Nd, Dy),Fe 4B
phase. Cu atoms form clusters of approximately 4nm in
the (Nd, Dy),Fe ;4B phase side of Fe;B/Nd,Fe 4B interface.
Fig. 3(b) shows elemental maps within the volume contain-
ing a Cu cluster selected from Fig. 3(a). This shows that
Nd, Dy and Co are enriched with Cu atoms. The compo-
sitions of the solute elements to each phase were estimated
as follow. The composition of Fe;B phase is approximately
3.6 at%Cr, 1.6 at%Co, 0.1 at%Cu and 0.1 at%Zr. The com-
position of Nd,;Fe 4B phase, on the other hand, is approxi-
mately 2.1at%Cr, 2.6 at%Co, 0.5at%Cu and 0.2 at%Zr. Cr
is preferentially partitioned in the Fe3B phase, while Co, Cu,
Zr are preferentially partitioned in the (Nd, Dy),Fe 4B phase.
Cu forms clusters in the early stage of the crystallization, as
was observed in the Nd4 sFez63B135Cug» alloy,!" and these
clusters triggers nucleation of the Fe;B primary crystals. In
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Fig. 3 EC-3DAP analysis results for Nd3 4Dy Fe7; 7B13.5Cr2.4C02 4Cug 4~
Zro 5 nanocrystalline alloy annealed at 893 K for 6 min. (a) elemental map-
ping of Nd and Cu, (b) elemental mappings of solute elements.

the Cu enriched region, Nd atoms were also found to be
enriched as was observed in Nd4sFe77B155Cug, alloy. Al-
though previous 3DAP results reported that Cu clusters dis-
appear in the final microstructure of the Nd4 sFe;7B15.5Cug 2
alloy,® it is interesting to note that Cu enriched regions are
still recognizable even in the optimized microstructure of the
Nd3_4Dy1Fe71,7B13_5Cr2,4C02_4Cu0_4Zr0.2 alloy. This may be
because of the limited solubility of Cu in the (Nd, Dy),Fe 4B
phase. In the previous alloy, the Cu content in the alloy was
only 0.2 at%Cu, while in the present alloys, 0.4 at%Cu was
microalloyed. Thus, the Cu atoms insoluble in the Nd,Fe 4B
phase would have remained as clusters in the final microstruc-
ture of the present alloys.

A Nd elemental map in an analysis volume of
approximately 15 x 15 x 40nm’® obtained from the
Nd; 4Dy;Fe7:B 5 5Cr; 4C0y 4Zr1 3 alloy is shown in Fig. 4(a).
Concentration profiles were calculated based on the number
of atoms detected in the selected volume shown in Fig. 4(a)
and the results are shown in Fig. 4(b). Preferential partition-
ing of Dy, Co, and Zr in the hard phase is apparent. On the
other hand, Cr is enriched in the soft phase. The composition
of Zr atoms was estimated to be 0.1at% in the Fe;B phase
and 0.5 at% in the Nd;Fe 4B phase.

Since the concentration of Zr in the alloy is only 0.2 at%,
it is difficult to see the tendency of Zr partitioning because of
large statistical scatter of the concentration profile. In order to
observe more averaged tendency of the compositional change
of Zr, integral concentration profiles of Zr at Fe;B/Nd;Fe 4B
interfaces are shown in Figs. 5(a) and (b), where the number
of Nd and Zr atoms are plotted as functions of total number
of detected atoms. Hence, the slopes of the plots correspond
to the local concentration of Nd and Zr in the small volume
selected across the interfaces. It can be clearly seen that Zr is
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Fig. 4 3DAP analysis results for Ndj34Dyi1Fe72B185Cr4C0247103
nanocrystalline alloy annealed at 953 K for 6 min. (a) Nd elemental map-
ping, (b) concentration depth profiles of Fe, B, Nd, Dy, Cr, Co and Zr
across interfaces. (S: soft magnetic phase, H: hard magnetic phase)

slightly enriched in the Nd,Fe ;4B phase. Furthermore, their
concentration is higher at the interfaces. This indicates that
Zr is segregated at the Fe;B/Nd,Fe 4B interface.

In this complicated multi-component alloy, both Dy and Cr
are added to increase the coercivity. Dy increases the coer-
civity since it increases K, by replacing Nd in the Nd,Fe 4B
phase. Cr addition is known to increase the coercivity at
the expense of remanence.'? Cr is partitioned in the Fe;B
phase as seen in Fig. 4(b), which may reduce exchange cou-
pling among the hard grains in the nanocomposite microstruc-
ture.!>14 Zr, on the other hand, appears to preferentially par-
tition in the (Nd, Dy),Fe ;4B phase. Since Zr does not dis-
solve in the Fe;B phase, it is rejected from the Fe;B primary
crystals during the 1st stage crystallization reaction. The Zr
atoms rejected from the Fe;B particles are built up at the
Fe;B/amorphous interface, ending up with the segregation
of Zr at the Fe;B/Nd,Fe 4B interface in the final microstruc-
ture. Since Zr-containing alloys have smaller grains than the
base alloy, it is concluded that this segregation of Zr at the
Fes;B/amorphous or Fe;B/Nd,Fe 4B interfaces is the reason
of the reduced grain size. In addition, this may reduce the ex-
change coupling through the soft phase even in the fine grain
size, which may lead to increased coercivity even with the
average grain size of less than 20 nm.
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Fig. 5 Integral concentration profiles of Nd and Zr in small volume selected across interfaces for Nd3 4Dy Fe72B18.5Cr2.4C02.4Zrg 3

nanocrystalline alloy annealed at 953 K for 6 min.

4. Conclusions

Additions of Zr and/or Cu are effective in refining
the Fe;B/(Nd, Dy),Fe 4B nanocomposite microstructure of
Nd3 4Dy Fe7, 3B15.5Cry4Co,4 based alloy. Zr segregates at
the Fe;sB/Nd,Fe;4B interface, thereby reducing the grain
growth. Cu form Cu-Nd enriched clusters, which acts as
heterogeneous nucleation sites for the Fe;B primary crystals.
The coercivity increases as a result of Zr and/or Cu additions
are attributed to the microstructure refinement.
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