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a b s t r a c t

Melt-spinning of Sm11Co89 alloys modified with Nb and C resulted in the formation of the metastable
(1:7) structure irrespective of the variations in wheel speed (20–60 m/s), with the formation of fcc-Co
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phase observed at v = 60 m/s. At higher wheel speed the higher chances of formation of Co precipitate
and the reduced size of Co precipitates helped to improve the remanence. Moreover, wheel speeds up
to 50 m/s resulted in refined (1:7) grain sizes and thus resulted in higher coercivity. At extremely high
wheel speed (v = 60 m/s), short contact time with the wheel for the molten pool caused in-flight annealing
and thus resulted in coarser grain and lower coercivity value. Most of the alloys exhibited a high reduced
remanence ratio (∼0.7) indicating significant exchange–spring interactions between the grains. At higher

zatio
agnetic measurements wheel speed the magneti

. Introduction

Rapidly solidified Sm–Co-based alloys have often exhibited
mproved microstructures and better magnetic properties. These
ind of magnets are getting much more attention since the last
ecade because of their interesting features, such as high energy
ensity (14–30 MGOe), reliable coercive force, high anisotropy,
emarkable corrosion-oxidation resistance and the best temper-
ture characteristics of any rare-earth permanent magnet, which
ake them the ideal material in applications, such as pump

ouplings, sensors and servo-motors. Rapid solidification by single-
oller melt-spinning at a low wheel speed of 5 m/s produced
nisotropic SmCo5 ribbons which exhibited high energy prod-
ct (BH)max as high as 18.2 MGOe and a remanence ratio of
.9 [1–3]. Rapidly solidified Sm(Co0.68Fe0.22Cu0.08Zr0.02)7.7 mag-
ets melt spun at lower wheel velocity (∼5 m/s) exhibited
igher anisotropy and better remanent magnetization (Mr ∼ 8.5 kG)
ompared to the ribbons melt spun at higher wheel veloc-
ty (∼40 m/s) [4]. Here reduced crystallographic texture was
bserved at higher wheel speed due to significant increase

n the formation of isotropic TbCu7-type Sm2Co17 phases. The
ame effect was observed in Sm(Co0.74Fe0.1Zr0.04Cu0.12)8.5 rib-
ons, melt spun at 5 m/s, due to Zr and Cu substitution for Co
5]. Microstructural varieties were obtained in rapidly quenched
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Sm(Co,Fe,Cu,Zr)8 ribbons by adjusting the wheel velocity [6].
The ribbons melt spun at lower velocity (below 40 m/s) exhib-
ited lower intrinsic coercivity (iHc ∼ 1 kOe) and larger grain sizes
in the as-spun state, whereas, the ribbons spun at the veloci-
ties above 40 m/s were nanocrystalline and the coercivity was as
high as 7 kOe. The effect of different wheel speeds (10–70 m/s)
were also observed for rapidly solidified boron-substituted
Sm(Co0.74−xFe0.1Cu0.12Zr0.04Bx)7.5 (x = 0.005–0.05) alloys [7]. The
best magnetic properties (coercivity as high as 38.5 kOe, the
reduced remanence Mr/Ms > 0.8) were reported for the as-spun rib-
bon with x = 0.04 at 39 m/s in which nanograins of 40–80 nm size
were observed.

Some significant effects of cooling rate were also observed in
several other alloy systems. In Al/Ge substituted FINEMET alloys,
higher wheel velocity and higher super-heat during melt-spinning
helped to produce the rapidly solidified ribbons with higher amor-
phicity/higher coercivity but with lower magnetic saturation and
lower initial magnetic permeability [8]. In Nd–Fe–C–(B) system
or Nd2Fe14B/�-Fe nanocomposite, a more uniform structure, a
stronger exchange coupling interaction and a better magnetic
properties reaching a maximum value: iHc = 5.5 kOe, Jr = 10.8 kG,
(BH)max = 14.44 MGOe were obtained by using a specific range of
wheel speed or an optimum wheel speed of 12 m/s [9,10]. By using
controlled melt solidification (CMS) method, a uniform microstruc-

ture of �-Fe/Nd2Fe14B nanocomposites with an average grain size
of about 14 nm was obtained at a wheel speed of 20 m/s, which is
not feasible at all by annealing the amorphous Nd3.6Pr5.4Fe83Co3B5
alloy [11]. The formation of such a fine and uniform microstruc-
ture is due to the effect of the degree of undercooling of the
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Fig. 1. X-ray diffraction scans of the (Sm11Co89)94Nb3C3 alloys with different wheel
speeds: (a) 20 m/s, (b) 30 m/s, (c) 40 m/s, (d) 50 m/s and (e) 60 m/s. Peaks were
indexed to the TbCu7-type SmCo7 structure.

parameter and increase in the “c” lattice parameter was observed
[20], which was attributed to increased dumbbell disordering as
the wheel speed increased. This opposite trend in the lattice param-
eters with increasing wheel speed may be caused by an increased
4 S. Aich, J.E. Shield / Journal of Allo

elt on both the nucleation and growth rates of the �-Fe and
d2Fe14B crystals. The �-Fe/Nd2Fe14B nanocomposites made by
MS show good magnetic properties: Mr/Ms = 0.74, Hc = 5.652 kOe,
nd (BH)max = 24.4 MGOe. The magnetic properties (Hc, Mr/Ms and
BH)max) of as-quenched and annealed Nd12Fe71.4−xCo10B6.6Gax

ibbons at x = 0.6 increase with increasing wheel speed (v) and reach
maximum at v = 25 m/s and then decrease [12]. At the lower
heel speed (v = 25 m/s), the coarser grain size resulted in the

maller Hc, Mr/Ms and (BH)max of the films. At the highest wheel
peed of v = 30 m/s, Hc, Mr/Ms and (BH)max of the as-quenched
ibbons drastically decrease due to the existence of amorphous
tructure in the over-quenched ribbons. After annealing, Hc, Mr/Ms

nd (BH)max are all increased because of the phase transforma-
ion from amorphous into crystalline structure. The optimum grain
ize (∼20 nm) and the best magnetic properties (Mr/Ms = 0.73,
BH)max = 20.3 MGOe) were obtained for Pr–Fe–B, PrFeB-based/�-
e and PrFeB-based/�-Fe nanocomposite melt-spun ribbons by
sing the optimum quenching rate by adjusting the wheel speed
uring rapid solidification followed by an optimum condition for
ubsequent annealing [13–17]. The evolution of phase formation
f the melt-spun ribbons during post-annealing was highly depen-
ent on the as-quenched structures of the ribbons.

In this present research we report about the effect of various
heel speeds on the microstructures and the magnetic properties

f rapidly solidified simple binary Sm–Co alloys modified with Nb
nd C.

. Experimental procedure

Alloys with a nominal composition of (Sm0.11Co0.89)94Nb3C3 were made from
igh-purity (>99.95%) elements by arc melting in a high-purity argon atmosphere.
efore arc melting 5% extra Sm was added to the sample to compensate for the
eight loss due to Sm vaporization during arc melting. To observe the effect of
heel speed on the structural and the magnetic properties the ingot was rapidly

olidified by melt-spinning in presence of high-purity argon at a chamber pressure
f 1 atm and at five different tangential wheel velocities of 20, 30, 40, 50 and 60 m/s.

The samples were then analyzed by X-ray diffraction using a Philips X-ray
iffractometer with Cu K� radiation. The powdered samples were mounted on an
ff-cut SiO2 single crystal to avoid the diffraction effects of the sample holder, or an
morphous SiO2 slide. Transmission electron microscopy was accomplished with a
EOL2010 operating at 200 kV. Electron transparency was achieved by mounting the

elt-spun ribbon on a slightly polished Cu oval and by ion milling to perforation
sing a Gatan Duomill or PIPS at 4.5 kV. The magnetic measurements were made by
QUID magnetometry at 300 K utilizing a Quantum Design MPMS with maximum
eld of 7 T. Magnetic measurements were made on several ribbon pieces mounted
o that the magnetic field was applied in the plane of the ribbon. Both X-ray diffrac-
ion and in- and out-of-plane magnetic measurement revealed an isotropic grain
rrangement [18].

. Results and discussion

X-ray diffraction patterns revealed only peaks indexing to the
isordered TbCu7-type SmCo7 structure for wheel speeds up to
0 m/s, and the material had isotropic grain structures [18]. At
0 m/s, the diffraction pattern revealed the presence of fcc-Co
long with the SmCo7. The equilibrium ordered Sm2Co17 with the
h2Zn17-type structure can be distinguished from the disordered
bCu7-type structure by the presence of superlattice peaks. The
ost prominent superlattice peak for the Sm2Co17 structure is the

0 2 4), which would appear at approximately 38.5◦ 2� [19]. In Fig. 1
he absence of the superlattice reflections indicates that the struc-
ure is disordered. Fig. 2 shows a systematic shift in peak position
ith wheel speed for the (1 1 0) peak, indicating a change in lattice
arameter. Lattice parameter determination using Rietveld refine-
ent revealed an increase in “a” and a decrease in “c” as the wheel
peed increased. The overall volume change was ∼2.4%. Fig. 3 shows
he change in “c/a” ratio with increase in wheel speed. The change
n lattice parameter as a function of wheel speed shown here is
pposite of what was observed for binary Sm–Co alloys as a func-
ion of wheel speed. In the binary alloys, a decrease in the “a” lattice
Fig. 2. X-ray diffraction scans of the (Sm11Co89)94Nb3C3 alloys with different wheel
speeds: (a) 20 m/s, (b) 30 m/s, (c) 40 m/s, (d) 50 m/s and (e) 60 m/s, showing the
(1 1 0) peak shift.
Fig. 3. Relationship between the “c/a” ratios and the wheel speed for the
Sm–Co–Nb–C samples.
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evel of solute trapping of Nb and/or C that is a function of solidifica-
ion rate (wheel speed). High-resolution X-ray diffraction patterns
nd Rietveld refinement of the patterns indicated that no NbC was
resent in rapidly solidified Sm–Co–Nb–C [21]. Also, the presence
f transition metals such as Nb or Ti and C in solid solution was
hown to inhibit the development of long-range order in isostruc-
ural Sm–Fe alloys, as the ordering transformation was suppressed
ntil the precipitation of NbC or TiC occurred [22,23]. Typically, the
egree of solute trapping is related to solidification velocity, which

n melt-spinning is related to the wheel speed [24]. Thus, at high
heel speeds more of the Nb and C are in solution as opposed to seg-

egated to grain boundaries. Chemical analysis using X-ray energy
ispersive spectroscopy of different melt-spun samples and across
rain boundaries would confirm this analysis,

Varying the wheel speed also had a significant impact on the
cale of the microstructure. At 20 m/s, the microstructure consisted
f equiaxed grains on the order of 150 nm (Fig. 4(a)). The grain size
ecreased with increasing wheel speed through 50 m/s, and then

ncreased slightly for the sample melt spun at 60 m/s (Figs. 4 and 5).
he increase in grain size at 60 m/s can be explained by the fact
hat at such a high wheel speed, the ribbon has a very short contact
ime with the wheel. As a result, the ribbon is still at an elevated
emperature when it leaves the wheel, and further cooling is by con-
ection. The relatively slower cooling allows some grain growth to
ccur during flight (so-called “in-flight annealing”). Alternatively,
t high wheel speeds the melt-pool stability may be deleteriously
ffected by, for example, system vibrations. This would also influ-
nce the solidification process and lead to the anomalous grain size
t 60 m/s. It should be mentioned that solidification still occurs
uring the contact time with the wheel, given the still fine scale
f the microstructure and the formation of fcc-Co, which suggests
higher undercooling at 60 m/s and which forms as a result of

on-equilibrium effects on the phase relationships [18,20].
The possibility of getting Co precipitates on the wheel contact

ide as well as on the free side of the melt-spun ribbons depends
n the cooling rate or the speed of the copper wheel during rapid
olidification. According to Fig. 6, the X-ray diffraction peaks of the
heel contact side of the ribbons are broader than the peaks from

he free side of the ribbons. The relatively larger peak width in the
heel contact side X-ray diffraction pattern of the melt-spun rib-

on indicates the presence of smaller grains on that side of the
ibbons. The calculated grain sizes (by using Scherrer formula) were
55 nm and ∼100 nm for wheel contact side and the free side of

he ribbon respectively. Also, a more prominent or distinguishable
cc-Co shoulder is visible in wheel contact side X-ray diffraction
attern than in free side X-ray diffraction pattern, which indicates
he higher possibility of getting Co precipitates in the wheel contact
ide of the ribbon due to faster cooling rate during rapid solidifica-
ion processing.

The magnetic behavior reflected the changes in the scale of the
icrostructure, with coercivity increasing with decreasing grain

ize with a 1/d relationship (d is the grain size) (Fig. 7). The coer-
ivity of the sample melt spun at 60 m/s fit in well with respect to
rain size, indicating that the fcc-Co present in this sample did not
ubstantially decrease the coercivity relative to the other samples.
his is likely due to the nanometer scale of the Co, which enabled
t to effectively couple with the hard magnetic grains. Other work
as also demonstrated an inverse relationship between coercivity
nd grain size in Sm–Co alloys [25,26], but these were for grain
izes that exceeded the single-domain limit (∼0.7–1 �m). Here, we
how that this relationship extends to single-domain grains. The

agnetization process was mostly nucleation dominated except at

igher wheel velocity where very slight pinning-like character was
bserved (Fig. 8). At lower wheel speed the magnetization curves
how steeper gradient which indicates the higher initial suscepti-
ility. This indicates that the magnetization process in the samples
Fig. 4. Transmission electron micrographs showing the microstructures of
Sm–Co–Nb–C alloys melt spun at (a) 20 m/s, (b) 40 m/s and (c) 50 m/s. The insets
show the corresponding electron diffraction patterns.

melt spun at lower wheel velocity was controlled by the nucle-
ation mechanism. The observation of a steep response in initial
magnetization curves is consistent with initial magnetization by
nucleation processes [27–30]. At higher wheel velocity, the flatter
part of the curve with lower initial susceptibility indicates the very
slight pinning-like character of the magnetization curve.

Most of the alloys (except the alloy melt spun at 40 m/s)

also showed a very high remanence ratio of 0.7 suggesting
exchange–spring interactions between grains. The magnetic prop-
erties, as well as the grain sizes of the various alloys, are
summarized in Table 1.
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Fig. 5. Relationship between the grain size and the wheel speed of the Sm–Co–Nb–C
alloys.

Fig. 6. X-ray diffraction pattern of the (Sm11Co89)94Nb3C3 melt-spun ribbon in the
free side of the ribbon (- - -) as well as in the wheel contact side of the ribbon (—).

Fig. 7. Relationship between the coercivity and inverse grain size for the
Sm–Co–Nb–C samples.

Table 1
Grain size and magnetic properties of the Sm–Co alloys modified with Nb and C as
a function of wheel speed.

Wheel speed, v
(m/s)

Grain size (nm) Coercivity
(kOe)

Remanence
(kG)

Energy product
(MGOe)

20 150 2.51 7.71 5.41
30 120 3.27 7.01 5.93
40 80 3.28 7.00 5.60
50 50 4.77 6.30 6.14
60 85 3.01 7.43 5.22

[

[

Fig. 8. The normalised curves showing initial magnetization processes for the
(Sm11Co89)94Nb3C3 alloys melt spun at different wheel speeds: 20 m/s (�), 30 m/s
(�), 40 m/s (�), 50 m/s (×) and 60 m/s (�).

4. Conclusion

In our present research work on rapidly solidified melt-spun
Sm–Co alloys, an optimum wheel speed of 50 m/s was observed. At
this wheel speed relatively homogeneous and uniform microstruc-
ture with smallest (optimum) grain size (∼50 nm) was observed
which resulted in maximum coercivity (∼4.77 kOe) as well as
maximum remanence (∼4.77 emu/g) for the melt-spun ribbons.
The solidification parameters significantly affected the microstruc-
tures of melt-spun Sm2Co17 alloys modified with Nb and C. While
rapid solidification resulted in the formation of the disordered
TbCu7-type structure at all wheel speeds, higher wheel speeds
resulted in finer grain sizes, with grain sizes varying from 150 nm
at 20 m/s to 50 nm at 50 m/s. Alloys melt spun at 60 m/s con-
tained some fcc-Co, and had a slightly coarser grain size than
the alloy melt spun at 50 m/s, which was attributed to in-flight
annealing. The smaller grain sizes of both (1:7) phase and Co has
a slight tendency to improve the exchange–spring interactions
which have been also referred in some other research work [18],
but here we focused mainly on how the various wheel speed or
quenching rate affected the grain size of (1:7) phase. The finer
grain sizes resulted in increases in coercivity and remanence. The
maximum coercivity of 4.8 kOe was observed at the finest grain
size.
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