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Abstract

In the present work, Hf,Coq sFe, sB melt-spun (MS) alloy is synthesized by employing melt spinning at different wheel
speeds viz. 16, 20, 24 and 28 m/s to study the effect of quenching on the thermal, structural, microstructural and magnetic
properties. The phase purity and the magnetic behaviour of the MS ribbons are highly dependent on the cooling rate that
is controlled by altering the tangential wheel speed during melt spinning. Cooling rates are found to increase with increase
in wheel speed with a concurrent decrease in the ribbon thickness owing to the increase in the heat transfer coefficient at
the thermal contact. The best phase purity and the magnetic properties are found for the ribbons melt-spun at 28 m/s. This
could be attributed to the high cooling rate 2.3 x 107 K/s causing crystallization of hard magnetic Hf,Co,,B phase leading to
refined grain size. A maximum coercivity (H) ~2.18 kOe, remanence ratio (M,/M,) ~0.61, an appreciable magnetic energy
product (BH),,,,, ~3 MGOe observed in the MS ribbons at 28 m/s illustrates the critical role of wheel speed in the enhance-
ment of permanent magnetic properties in a single-step without annealing. XRD patterns reveal that the alloy was found to
crystallize in orthorhombic Hf,Co;,B in addition to cubic Co and Hf,Co,; phases. FE-SEM analysis is carried out to realize
the grain morphology and phase identification. The current work exhibits the efficacy of rapid quenching by melt spinning
as an effective technique in the development of high-performance Hf,Co, sFe, sB rare-earth-free permanent magnet alloy
for future energy applications in the high-temperature regime.
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1 Introduction

The global demand for rare-earth resources has led to sig-
nificant progress in the development of cost-effective rare-
earth-free permanent magnet materials with potential use
in electric vehicles, wind turbines, etc. [1-4]. In this direc-
tion, the scientific community has been focussing on several
rare-earth-free permanent magnet materials, as they can be
potential substitutes for rare-earth permanent magnets [5-9].
Among the possible materials, Hf-Co based alloys exhibit
favourable magnetic properties including high magneto-
crystalline anisotropy (K,)~10 Mergs cm~>, high Curie
temperature (T) ~477-497 °C and high magnetic polari-
zation (J) ~ 10 kG (J;=4nM,) [10-13] that are associated
with the presence of HfCo, or Hf,Co,; hard magnetic phases
[11, 14-18]. HfCo; crystallizes in orthorhombic structure,
while Hf,Co,, crystallizes in thombohedral and orthorhom-
bic crystal structures [17], yet structural similarity between
these phases have been reported earlier [19].
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Hf-Co based alloys have been widely studied as an
important class of rare-earth-free permanent magnet mate-
rial [9-11, 13, 14, 16-30]. However, multi-step synthesis
process including complex heat treatments and mechanical
alloying are requisite for the enhancement of permanent
magnetic properties [13, 18, 23, 29, 31-33]. Several exper-
imental studies on melt spinning [13, 17, 18, 23, 34-37]
reveal that the evolution of hard magnetic behaviour in
this class of alloys is strongly annealing dependent. The
experimental investigation on variation in wheel speed
is reported only by McGuire et al. on the synthesis of
Hf,Co, B alloys to obtain magnetically hard nanocrystal-
line phases [11]. The crystallization process in Hf,Co ;B
melt-spun (MS) alloy at different heating rates is studied
by Musial et al. using DSC measurements and reported an
enhanced glass-forming ability (GFA) in Hf—~Co-B system
[24]. A computational study based on Miedema’s model
reported a low GFA in Cr—Co-B system in comparison
to Hf—~Co-B system [25]. Hf-Co alloys are structurally
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metastable through non-equilibrium conditions during
melt spinning. Hence, the synthesis of the nanostructured
Hf-Co alloys by altering the wheel speed remains a chal-
lenging issue.

Melt spinning is one of the widely used rapid solidifica-
tion technique to produce hard magnetic ribbons for per-
manent magnets. In this technique, a melted liquid alloy is
ejected out of the nozzle and directed onto the surface of a
rotating copper wheel, where the liquid jet is rapidly solidi-
fied into a continuous thin ribbon. The rapid heat extraction
during quenching consist of both superheat and latent heat
[22, 38]. The rapid solidification phenomena play a key role
in the determination of microstructure of the metastable
phases and consequently the magnetic properties of the alloy
[16]. Melt spinning processing parameters, such as, wheel
speed, gas ejection pressure, melt temperature, ejection
temperature and slit nozzle-wheel distance, etc. control the
thickness of the ribbons that largely determine the cooling
rate [39]. Among them, wheel speed is the most important
parameter that primarily influences the cooling rate of the
melt-spun ribbons.

In our previous work of Hf—Zr—Co-Fe-B MS alloy, we
found that the optimized annealing protocol of the ribbons
resulted in the evolution of hard magnetic phases Hf,Co, ;B
and ZrCos | leading to the enhancement of permanent mag-
netic properties [23]. Herein, we report an optimized single-
step synthesis route without annealing to develop micro-
structural and magnetic properties under non-equilibrium
conditions employing melt spinning at a varied cooling
rate. The tangential velocity of the melt spinning wheel was
altered to achieve different cooling rates resulting in varying
ribbon thickness.

In the current study, we report (BH),,, ~3 MGOe at room
temperature in an optimized composition of Hf,Co, sFe, sB
MS ribbons at the highest wheel speed. This enhancement
in (BH),,,, is due to the synergistic integration of high cool-
ing rate and nanostructuring for obtaining hard magnetic
Hf,Co, B phase, which leads to an enhanced coercivity and
remanence and the favourable tuning of permanent magnetic
properties. Thermal characteristics of the synthesized MS
ribbons at varying wheel speed is estimated using the DSC
analysis. The MS ribbons were structurally characterized
employing XRD and FE-SEM, based on which the enhance-
ment of the (BH)_. has been discussed.

max

2 Experimental

High purity (99.99%) elements of Hf, Co, Fe and B were
repeatedly arc-melted employing mini arc-melter (MAM-1,
Edmund Buhler GmbH) under vacuum to obtain an ingot
with uniform composition. The ingot was then melt-spun
employing Melt-spinning unit (Melt Spinner HV, Edmund

Buhler GmbH) at different wheel speeds of 16-28 m/s
under a vacuum of ~ 107° mbar. The maximum wheel speed
of 28 m/s was attainable employing the existing equip-
ment. The resultant MS ribbons were about 20—30 cm long,
0.5-1 cm wide and 17-126 pm thick depending upon the
cooling rate. The thickness of the MS ribbons was measured
using Mitutoyo Digimatic Micrometer. Thermal analysis was
performed using differential scanning calorimeter (DSC, 404
F3 Pegasus, Netzch) to identify the phase transition tempera-
tures. Phase formation and phase purity of the samples were
characterized using the Powder X-Ray Diffraction (XRD,
Rigaku-Miniflex, CuKal, 1.5406 10\). Microstructural char-
acterization was carried out using Field Emission Scanning
Electron Microscopy (FE-SEM, Carl Zeiss Supra 40VP).
The magnetic properties were measured using a Vibrating
Sample Magnetometer (Lakeshore, VSM 7410).

3 Results and discussion
3.1 Thermal transformations

Figure 1 exhibits the DSC curves of the MS ribbons at differ-
ent cooling rates (corresponding to the wheel speed of ~ 16,
20, 24 and 28 m/s), measured at a heating rate of 10 K/min.
Two exothermic peaks T, and T, were observed for the rib-
bons melt-spun at 16 m/s, at 604.9 and 640.3 °C which cor-
responds to the crystallization of orthorhombic Hf,Co,,B
phase and the decomposition of metastable phases, respec-
tively [22, 40]. Whereas for the ribbons melt-spun at higher
cooling rates (for wheel speed of 20, 24 and 28 m/s), no
exothermic peaks were observed. This suggests that higher
cooling rates of as melt-spun ribbons result in the formation
of crystalline phases in a single-step.
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Fig. 1 DSC thermograms of Hf,CoqsFe, sB MS alloy at a heating
rate of 10 K/min
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3.2 Phase analysis

Figure 2 displays the XRD patterns of the arc-melted ingot
and as-spun ribbons synthesized at different wheel speeds
ranging from 16 to 28 m/s. The XRD pattern of the arc-
melted alloy corresponds to orthorhombic Hf,Co,;B, cubic
Co (JCPDS No. 00-001-1259) and HfCo;B, (JCPDS No.
00-022-0220) phases. Also observed was the reflection
from the cubic Co close to those of HfCo;B, in the 20 range
between 42 and 44°. For the wheel speed of 16 m/s, peaks
and humps were present together, illustrating the coexist-
ence of amorphous and crystalline phases Sharp crystalline
peaks were observed for the ribbons melt-spun at 20 m/s
indicating good crystallinity. These peaks were indexed to
orthorhombic Hf,Co;B, cubic Co and Hf¢Co,; phases. It
was also observed that the orthorhombic Hf,Co, ;B phase at
44.2° overlaps with the peak position of cubic Co complicat-
ing the phase identification. Additionally, with the increase
in wheel speed, an increase in the peak intensity of Hf(Co,,
observed along with Hf,Co,;B_fcc Co and HfCo;B, phases.
These results confirm that a higher cooling rate favours the
formation of multiple phases, leading to enhanced exchange
coupling between these phases contributing to a significant
increase in the remanence ratio to 0.61. Melt spinning at
16 m/s showed partially crystalline ribbons, while at 28 m/s
the ribbon was found to be completely crystalline. XRD
analysis concludes that crystallization stems from higher
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A Hf,Co,,
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Fig.2 XRD patterns of Hf,Cog sFe, sB arc-melted ingot and ribbons
melt-spun at various wheel speeds
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cooling rate, due to the formation of hard magnetic phases,
which is in accordance with the DSC analysis.

3.3 Dependence of ribbon thickness on cooling rate

Figure 3 shows the variation of ribbon thickness and cool-
ing rate as a function of wheel speed. The fitted curve is
obtained from the regression analysis with a correlation
factor (R?) of 0.985, which signifies that ribbon thickness
is inversely proportional to the wheel speed. The melt layer
concomitantly influenced by the increasing wheel speed and
the centrifugal force will rapidly move away from the rotat-
ing wheel, thereby reducing the ribbon thickness. Figure 3
also illustrates the functional dependence of ribbon thick-
ness on wheel speed according to the ideal cooling theory
[41]. When the melt layer on the wheel surface is thinner,
the entire layer will be undercooled resulting in high cool-
ing rate through the entire transverse cross section of the
ribbon. Whereas, for a thicker melt layer, solidification at
the contact surface starts before the entire layer is under-
cooled and the crystallization heat absorbed by the remain-
ing melt will decrease its cooling rate. Hence, the ribbons
with thickness ~ 17 um show clear evidence of high cooling
rate ~2 x 107 K/s, while the ribbons ~ 126 um shows low
cooling rate ~3x 10° K/s. The cooling rate is determined
from the equation:

dT _ hXAT
dr sXpxC,

where / is the heat transfer coefficient, AT is the differ-
ence between the melt temperature and the temperature of
the copper wheel, s is the thickness of the melt-spun rib-
bon, p is the density of the material and C, is the specific
heat of the material. These experimental data concludes that
the increase in wheel speed leads to a decrease in ribbon
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Fig.3 Variation of ribbon thickness rate of

Hf,Coy sFe,; sB MS alloy
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thickness as well as enhance the heat transfer coefficient at
the wheel-ribbon interface [38].

3.4 Microstructural analysis

The morphology of the arc-melted ingot and as grown
MS ribbon synthesized at an optimized high cooling rate
of ~2 x 107 K/s corresponding to the wheel speed of 28 m/s
were investigated employing FE-SEM. As can be seen in
Fig. 4a, the microstructure of the arc-melted alloy composed
of fine lamellar microstructures (denoted as A) displaying
an average composition close to the starting composition
(Hf,Coy sFe, sB). Furthermore, a light grey region (denoted
as B) contained Fe in lesser concentration in comparison to
the starting composition and dark grey region (denoted as

C) are pockets of Co dispersed all over the matrix. When
the arc-melted alloy was rapidly quenched at an optimized
high cooling rate of ~2 x 107 K/s, the as-spun ribbons thus
obtained exhibit flower-like nanostructures (Fig. 4b) com-
posed of nanorods (Fig. 4c). These nanorods were found to
have a diameter of about 50-200 nm and a length of about
0.7-1.5 um. Large arrays of these nanorods with controlled
morphology plays a key role in enhancing the coercivity and
remanence in Hf,Co, sFe; sB alloy.

3.5 Magnetization measurements
Figure 5a exhibits the room temperature magnetic hysteresis

(M-H) loops of the arc-melted ingot and the as MS ribbons
of Hf,Co, sFe, sB synthesized at different wheel speeds. The

(d)

Fig.4 FE-SEM images of a arc-melted ingot, b and ¢ MS ribbon at a high cooling rate 2.3 x 10" K/s and d EDAX analysis of marked regions in

(a) of Hf,Co, sFe, sB MS alloy
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Fig.5 Effect of wheel speed on a M-H curves, b H- and (BH),,,, ¢ (M/M,) ratio, at room temperature and d dM/dt vs. T curves, of

Hf,Coy sFe,; sB MS alloy

inset of the figure shows the same in extended field region
up to 2 T. The magnetic parameters determined from the
(M-H) loops are presented in Table 1. It can be observed
that the ribbons melt-spun at 16 m/s displays better magnetic
properties as compared to their arc-melted counterpart. A
high saturation magnetization (M) ~67.31 emu/g and a low
(H¢) ~0.009 kOe was realized for the ribbons melt-spun at
a low wheel speed of 16 m/s. This is in agreement with the
XRD analysis of the ribbons (Fig. 2) which displays a broad
feature centred near 44°, illustrating the alloy quenched at
lower wheel speed, 16 m/s (~3 x 10° K/s) are partially crys-
talline. However, upon a further increase in the wheel speed,
significant crystallization of hard magnetic Hf,Co, ;B phase
as evident from XRD pattern increases the coercivity, rema-
nence and magnetic energy product as observed in Fig. 5b,

c. A maximum (BH),,, ~2.93 MGOe, (;Hc)~2.2 kOe and
(M, /M) over 0.5 was achieved in Hf,Coq sFe, sB MS rib-
bons synthesized at a high cooling rate ~(2.3x 107 K/s)
corresponding to the wheel speed of 28 m/s. The enhance-
ment of hard magnetic properties at a higher cooling rate
primarily originates from the hard magnetic nanocrystalline
microstructure.

The Curie temperatures of the ribbons melt-spun at
different wheel speeds were obtained from the first-order
derivative dM/dT as shown in Fig. 5d. A shift in the Curie
temperature is observed in the melt-spun samples with the
increasing wheel speed. This effect is attributed to the pres-
ence of the different amount of boron incorporated in the
nanocrystalline phases formed during melt spinning [17,
42]. In the present study, the highest (T.) was achieved in

Table 1 Magnetic parameters of Hf,Co, sFe, sB samples obtained from hysteresis loops

Synthesis conditions Wheel speed Thickness of Cooling rate M, (emu/g) M, (emu/g) H¢ (kOe) (BH),ox MGOe)
(m/s) ribbons (um) (K/s)

Ingot - - - 64.12 2.32 0.15 0.0004

MS ribbon 16 126 3% 10° 67.31 4.90 0.009 -

MS ribbon 20 81 4.8x10° 67.64 30.38 0.88 0.53

MS ribbon 24 46 8.5%x10° 71.12 35.63 1.15 0.86

MS ribbon 28 17 2.3%x107 65.36 39.69 2.18 2.94
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the fully crystalline sample at 552 °C (Hf,Co,,B), corre-
sponding to the wheel speed of 28 m/s. These results are in
accordance with the similar work reported for Hf,Co;B MS
alloy, where the curie temperatures of both amorphous and
crystalline samples are near 497 °C [11].

4 Conclusion

In the present work, we have explored melt spinning tech-
nique to understand the influence of cooling rate on the
thermal, microstructural and magnetic properties at an
optimized composition of Hf,Co, sFe, sB melt-spun alloy.
The cooling rate is altered by tuning the tangential wheel
speed during melt spinning. It was found that the cooling
rate in the vicinity of the melt temperature increases from
3x10°to 2.3x 107 K/s by increasing the wheel speed from
16 to 28 m/s, while the ribbon thickness decreases from
126 to 17 um. At the highest cooling rate, the evolution of
hard magnetic Hf,Co, ;B phase with (H¢) ~2.2 kOe, (M/
M,)~0.61 and (BH),,,, ~3 MGOe has been obtained in the
fully crystalline sample. XRD analysis confirms that crys-
tallization stems from higher cooling rate by the evolution
of hard magnetic phases, which is in accordance with the
DSC analysis. The microstructure of the optimized sample
consists of flower-like nanostructures with a large array of
nanorods responsible for high coercivity and remanence.
These experimental results gain an insight into the strong
dependence of cooling rate on the magnetic characteristics.
The present study evaluates the significance of the optimi-
zation of cooling rate resulting in the direct crystallization
of hard magnetic phase in a single-step without the need for
annealing. Greater homogeneity, extended solid solubility,
refinement of grain size and better control of the desired hard
magnetic phases contributes to the substantial enhancement
of (BH),,,.. Further optimization of melt-spin parameters
will form the basis for future studies on the enhancement
of the magnetic energy product and high magnetic perfor-
mance. Thus, the synthesized Hf,Co, sFe, sB MS alloy could
be a potential candidate for rare-earth-free permanent mag-
net in the future energy applications in the high-temperature
regime.
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