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The effect of Mo addition on phase composition and nanostructure of nanocrystalline
Zr16Cog4 xMo, (x =0-2.0) melt spun at 55m/s has been investigated. All the ribbons consist
mainly of a hard magnetic Zr,Co,; phase with rhombohedral crystal structure but also contain
minor amounts of soft-magnetic phases. The increase in cell volume on alloying suggests that Mo
mainly enters the rhombohedral Zr,Co;; structure and occupies the Co site. Mo addition promotes
the formation of the hard magnetic phase and increases its volume fraction. The mean grain size of
the hard magnetic phase remains almost unchanged with the increase of Mo content. But the
average grain size of the soft magnetic phase decreases from about 200 nm to 50 nm. This promotes
the exchange coupling of the hard and soft magnetic phases and thus leads to a significant increase
in coercivity and isotropic energy product, from 0.6 kOe and 0.5 MGOe for x =0 to 2.9 kOe and 4.2
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MGOe for x = 1.5. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4867226]

INTRODUCTION

Zr,Coq; is a good candidate for the development of per-
manent magnets without rare earth and noble metals, since it
exhibits good intrinsic properties.' Depending on the prep-
aration process, the crystal structure of Zr,Co;; may be
rhombohedral or orthorhombic.*® Among these phases,
rhombohedral Zr,Co,; has been demonstrated to be the hard
magnetic phase,’ and a high quenching rate favors the forma-
tion of the hard magnetic phase.® Recently, an impressive
energy product comparable to that of sintered SmCos was
obtained for the easy-axis aligned Zr,Co,-based nanocom-
posites produced by a single step cluster-deposition method.’
However, its coercivity (H. < J¢/2) is too small to further
improve magnetic properties. Element addition is a feasible
way to modify nanostructure and enhance coercivity. Much
work has been done on increasing the coercivity and improv-
ing the rectangularity of the demagnetization curve for
Zr-Co alloys by adding elements such as B, Ti, and Zr.'*"?
A very high coercivity for Zr-Co alloys, close to that of
melt-spun Nd,Fe 4B, has been achieved due to Mo addition
and annealing.14 However, it has been unclear so far how
Mo additions affect the phase composition and nanostructure
of nanocrystalline Zr,Co,-based alloys.

In this study, nanocrystalline Zr;sCog4_ Mo, (x=0,
0.5, 1.0, 1.5, and 2.0) has been prepared by melt spinning.
Zr6Cog4 corresponds to a Co:Zr ratio of 10.5:2, and a high
wheel speed of 55 m/s was chosen in order to obtain a large
volume fraction of the hard-magnetic phase. We find that
phase composition and nanostructure strongly depend on the
Mo content. Proper Mo addition increases the volume
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fraction of the hard magnetic phase and decreases the mean
grain size of the soft magnetic phases, helping to improve
coercivity and energy product.

EXPERIMENTAL METHODS

Ingots of Zr;sCogq_xMo, (x=0, 0.5, 1, 1.5, 2.0) were
prepared by arc melting high-purity elements in an argon
atmosphere. The ribbons, which are about 2mm wide and
50 um thick, were made by ejecting molten alloys in a quartz
tube onto the surface of a copper wheel with a speed of
55 m/s. The phase components were examined by XRD, with
a Rigaku D/Max-B x-ray diffractometer (XRD) and Co Ko
radiation, and by thermomagnetic measurements using a
physical property measurement system (PPMS) at tempera-
tures up to 1000 K. The nanostructure was observed with a
FEI Tecnai Osiris Transmission Electron Microscope
(TEM). To measure the hysteresis loops in fields of up to
7T, we have used a superconducting quantum interference
device (SQUID). The law of approach to saturation was used
to fit high-field part of M(H) curves and calculate saturation
magnetization M, magnetocrystalline anisotropy field H,. In
all magnetic measurements, the external magnetic field was
applied parallel to the long direction of the ribbon.

RESULTS AND DISCUSSION

Figures 1(a) and 1(b) show the XRD patterns of nano-
crystalline Zr4Cogs_xMoy(x =0, 1.5) and the enlarged part
of diffraction peaks from 43° to 46°. The diffraction peaks of
all the samples are identified as orthorhombic Zr,Co;; and
rhombohedral Zr,Co;;, which is the hard magnetic phase.
The increase in cell volume on alloying suggests that Mo
mainly enters the thombohedral Zr,Coy; structure and occu-
pies one of the Co sites. The relative intensity of the
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FIG. 1. XRD patterns of the nanocrystalline Zr;Cogs_ Mo, (x=0, 1.5) (a)
and the enlarged part of diffraction peaks from 43° to 46° (b).

diffraction peaks of orthorhombic Zr,Coq; for the x=1.5 is
lower than that for the x =0, indicating that Mo addition
restrains the formation of orthorhombic Zr,Co;; and pro-
motes the generation of the hard magnetic phase. We there-
fore conclude that Mo addition increases the volume fraction
of the hard phase. The full width at half maximum (FWHM)
of the peak at 44.3° for the x = 1.5 is almost the same as that
for the x =0, meaning that the average grain size of the hard
magnetic phase remains almost unchanged with the increase
of Mo content. The FWHM of the peak at 44.9° for the
x= 1.5 is larger than that for the x = 0, indicating that the av-
erage grain size of the orthorhombic Zr,Coq; decreases with
X increasing.

Figure 2(a) shows the M(T) curves of the nanocrystalline
Zr16Cogs_xMoy (x=0, 1.5) in a field of 1 kOe. Figure 2(b)
presents the corresponding dM/dT curves in which the Curie
temperatures (Tr and 7o) of the magnetic phases were deter-
mined. Two ferromagnetic-paramagnetic transitions were
seen for the x =0. They correspond to the orthorhombic and
rhombohedral Zr,Co;;. The second transition is harder to see
for the x=1.5, indicating that the Mo addition suppresses
the formation of the orthorhombic Zr,Co;; phase. This is in
good agreement with the XRD results. The Curie tempera-
ture (Tg) of the rhombohedral Zr,Co;; for the x=1.5 is
720 K lower than that for the x = 0. This further demonstrates
that Mo mainly enters the rhombohedral Zr,Co;; and locates
at the Co site. The magnetization at 948 K is not zero for the
both samples. It indicates the existence of a small amount of
Co which was not detected in the XRD patterns.

The TEM is a powerful tool to observe nanostructure such
as grain size, shape, and distribution. Figures 3(a) and 3(b)
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FIG. 3. TEM images of the nanocrystalline Zr;sCogs xMoy (a) x=0, (b)
x=1.5, and the statistical distribution of the grain size for (c¢) x=0, (d)
x=1.5.

show the TEM images of the nanocrystalline Zr;sCogy_xMoy
(x=0, 1.5). The maxtrix phase is supposed to be the rhombo-
hedral Zr,Coy;. The relatively small grains are believed to be
the orthorhombic Zr,Co;; and soft magnetic Co phases.
Figures 3(c) and 3(d) show that the mean grain sizes of the soft
phase for x=0 and x = 1.5 are 30nm and 15 nm, respectively.
This reveals that the Mo addition refines the grain size of the
soft phase, which matches with the XRD results.

Figure 4(a) shows the M(H) curves of the nanocrystalline
Zr1Cogs_ Mo, (x=0, 1.5, 2.0). It is evident that Mo addition
improves the hysteresis-loop shape (rectangularity). Figure
4(b) presents the Mo-content dependence of spontaneous
magnetization Mg, anisotropy field H,, intrinsic coercivity,
and energy product. As discussed above, Mo addition
increases the volume fraction of the hard magnetic phase,
refines the nanostructure, and promotes the interphase
exchange coupling. Simultaneously, it leads to a small
increases of H,. Therefore, the coercivity increases with the
increase in Mo content. This leads to a significant increase of
energy product from 0.5 MGOe for x=0 to 4.2 MGOe for
x=1.5. The best magnetic properties were obtained for the
x=1.5. Excessive Mo addition results in the appearance of
amorphous phase which behaves as the nucleation site of
reverse domain. This means that the coercivity reaches a max-
imum as function of x and then decreases. The critical grain
size (R.) for fully exchange coupling of soft phase equals to
2n+/A/2K, where A is the exchange constant of soft mag-
netic phase and K is magnetocrystalline anisotropy constant
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of hard magnetic phase.'® In this work, K for the rhombohe- =~ ACKNOWLEDGMENTS

dral Zr,Co,; is about 10 Merg/cm’. Generally, A is propor-
tional to Curie temperature. A for the orthorhombic Zr,Coy;
and Co(Zr) is estimated to be 500 nerg/cm. So, R.=10nm.
For the x = 1.5 sample, the grain size of the soft phase is dis-
tributed in 9-29 nm (see Figure 3(d)). There are still many
poorly exchange-coupled soft regions that switch easily. It is
expected that coercivity and remanence will be further
improved by adding B and narrowing the grain size
distribution.

CONCLUSIONS

The molybdenum-content dependence of phase compo-
sition and nanostructure of nanocrystalline Zr;sCogs_ Moy
(x=0-2.0) produced by melt spinning has been studied. The
ribbons consist mainly of the rhombohedral and orthorhom-
bic Zr,Co;; phases. Mo mainly enters the rhombohedral
Zr,Coq; structure and occupies the Co sites. Mo addition
promotes the formation of the rhombohedral hard-magnetic
phase and increases its volume fraction. The mean grain size
of the hard magnetic phase remains almost unchanged with
increasing Mo content, but the average grain size of the soft
magnetic phase decreases from about 30nm to 15nm. This
promotes the effective exchange coupling of the soft phases
and thus leads to a significant increase in coercivity and
energy product. The hard magnetic properties of the nano-
crystalline Zr,(Co, Mo);; may be further enhanced by grain
alignment.
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