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Abstract 

The Sm-content dependence of phase composition, anisotropy, 
and other magnetic properties of Sm1+δCo5 (δ ≤ 0.12) ribbons 
melt spun at 10 m/s has been studied. The samples consist of 
hexagonal SmCo5 grains whose c axes are preferentially aligned 
along the long direction of the ribbon. The lattice parameter a 
and the cell volume (V) increase with increasing Sm content δ, 
whereas c decreases. Sm addition appears to improve the de-
gree of the preferred orientation of the c-axis and to increase 
the mean grain size, which weakens the effective intergranu-
lar exchange coupling. Therefore, the remanence ratio, coer-
civity, and squareness of the hysteresis loops are significantly 
enhanced. The remanence ratio of 0.91 and the maximum en-
ergy product of 21.2 MGOe, which is the highest value reported 
so far for Sm–Co ribbons, are achieved for δ = 0.06. High per-
formance in combination with simple processing may facilitate 
high-temperature applications for anisotropic Sm1+δCo5 ribbons.

1 Introduction

SmCo5, which crystallizes in the CaCu5 structure, has attracted 
much attention due to its giant magnetocrystalline anisotropy 
and high Curie temperature [1–3]. SmCo5 materials are excel-
lent candidates for high-temperature permanent magnets. 
Generally, the arc- and induction-melted SmCo5 ingots have 
a very low coercivity because of large grain size (much larger 
than the critical single-domain size of 1.7 μm) and crystallo-
graphic isotropy. Surfactant-assisted ball milling (SABM) and 

melt-spinning techniques are usually used to improve coerciv-
ity by decreasing grain size and developing c-axis texture. High 
coercivities of about 20 kOe were easily obtained for the aniso-
tropic SmCo5 nanoflakes by SABM [4–7]. However, some issues 
such as particle contamination, oxidation, wide size distribu-
tion, and complete removal of the surfactant limit the practi-
cal application of anisotropic SABM SmCo5 nanoflakes. These 
problems are almost nonexistent for melt-spun SmCo5 ribbons.

Melt spinning has been widely utilized to produce rare-
earth transition-metal permanent magnets with high perfor-
mance [8]. It was reported that the substitution of Ni for Co 
significantly increases the coercivity of SmCo5−xNix ribbons at 
30 m/s and led to the formation of c-axis orientation parallel to 
the length of the ribbon [9]. A c-axis alignment parallel to the 
ribbon was found for SmCo5 ribbons at 6 m/s, which has Mr/
Ms = 0.80, Hc = 9.6 kOe, and (BH)max = 18.0 MGOe [10]. Here, 
Mr = 4πmr is the remanent polarization; Ms is the saturation 
polarization; Hc denote the coercivity; and (BH)max is the maxi-
mum energy product. As the wheel speed decreases to 5 m/s, 
Mr/Ms increases to 0.91, whereas Hc decreases to 3.2 kOe. A 
value of (BH)max = 6.7 MGOe was obtained for the SmCo5 rib-
bons at 5 m/s [11]. The remanence of the Sm–Co ribbons at 
5 m/s greatly increases with Sm content. But its coercivity only 
slightly increases [12], which limits the enhancement of en-
ergy product. The increase of wheel speed from 5 to 25 m/s 
leads to a rapid increase of Hc from 3.2 to 17.4 kOe for the 
SmCo5 ribbons [11, 13]. Excessively high wheel speeds dam-
age the texture of the ribbons and strongly reduce Mr/Ms. In 
this work, a wheel speed of 10 m/s was adopted. The effect of 
Sm content on structure and magnetic properties of Sm1+δCo5 
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ribbons has been investigated, and high-coercivity SmCo5 rib-
bons have been fabricated. An energy product of 21.2 MGOe 
has been achieved for δ = 0.06. Then, an optimized Sm addi-
tion and wheel speed was found to significantly improve Hc, 
the hysteresis loop squareness, and (BH)max.

2 Experimental methods

Ingots with nominal composition of Sm1+xCo5 (x = 0, 0.02, 0.05, 
0.10, 0.15) were arc melted from high-purity elements in an 
argon atmosphere. The ribbons were made by ejecting mol-
ten ingots in a quartz tube onto the surface of a copper wheel 
with a speed of 10 m/s. The process parameters such as ejec-
tion pressure (0.05–0.2 atm), diameter of the quartz tube hole 
(1–3 mm), melting time (1–3 min.), and distance (5–30 mm) 
between quartz tube and the surface of copper wheel were 
optimized for high-orientation ribbons. The length, width, and 
thickness of the ribbons for the magnetic measurements are 

about 4, 2 mm, and 50 μm, respectively. The Co/Sm ratio was 
examined using energy dispersive X-ray (EDX) analysis attached 
to scanning electron microscopy (SEM). The real composition of 
Sm1+xCo5 (x = 0, 0.02, 0.05, 0.10, 0.15) has been determined to 
be Sm15.97Co84.03, Sm16.53Co83.47, Sm16.94Co83.06, Sm17.49Co82.51, 
Sm18.30Co81.70, respectively. It was concluded that the weight 
loss of Sm is about 5 %. For the sake of simplicity, these com-
positions are written as Sm1+δCo5 (δ = −0.05, −0.01, 0.02, 0.06, 
0.12). The phase components were examined by Rigaku D/Max-
B X-ray diffraction (XRD) system with Cu Kα radiation. The phase 
content was determined by the TOPAS Rietveld analysis, and 
the nanostructure was observed by a Tecnai Osiris Transmis-
sion Electron Microscope (TEM). The magnetic properties were 
measured by a Quantum Design superconducting quantum-in-
terference device (SQUID magnetometer) in fields of up to 7 T. 
The applied field was parallel to the length, width, or out-of-
plane direction of the ribbons. The saturation magnetization 
Ms was determined using the law of approach-to-saturation to 
fit high-field part of M(H) curves [14].

Figure 1. XRD patterns of 
a) Sm1+δCo5 (δ = −0.05, 0.06, 0.12) rib-

bons and 
b) powdered Sm1+δCo5 (δ = −0.05, 0.06, 

0.12) ribbons; 
c) full width at half maximum (FWHM) 

of the diffraction peak from (111) ver-
sus δ.

http://link.springer.com/article/10.1007/s00339-014-8881-6#CR14
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3 Results and discussion

Figure 1a–c show XRD patterns of melt-spun Sm1+δCo5 ribbons, 
ribbon powders, and Sm-content dependence of full width at 
half maximum (FWHM) of the (111) diffraction peak. The rib-
bons with δ ≤ 0.06 consist of hexagonal SmCo5 with the CaCu5 
structure. For the Sm1+δCo5 ribbons, the intensities of the (200) 

reflection were the strongest, as compared for the (111) re-
flection, which is the strongest in isotropic SmCo5 ribbon pow-
ders, as shown in Figure 1b. This indicates that the c-axis of 
the SmCo5 grains primarily lies in the plane of the ribbons. For 
δ = 0.12, some rhombohedral Sm2Co7 appears. Its volume frac-
tion was determined by the Rietveld refinement to be 13 %. 
The (002) peak shifts to higher angles with an increase of Sm 
content, indicating the decrease of lattice parameter c. The 
FWHM of diffraction peak from (111) shown in Figure 1b de-
creases with increasing δ. It qualitatively indicates that Sm ad-
dition increases the mean grain size of SmCo5.

Figure 2 shows Sm-content dependence of lattice parame-
ters (a, c), cell volume (V) for the Sm1+δCo5 ribbons. Sm addi-
tion leads to an increase of a and a decrease of c. The V for the 
hexagonal structure is proportional to a2c. The Sm concentra-
tion in homogeneity range for SmCo5 phase at 1,260 °C is be-
tween 15.3 and 17.7 at.% [15]. High quenching rate is required 
to capture this high-temperature phase. The atomic radius of 
Sm (180 pm) is larger than that of Co (125 pm). Therefore, the 
V of SmCo5 continuously expands with the increase in Sm con-
tent, which verifies the existence of the high-temperature ho-
mogeneity range for SmCo5. A similar tendency of change of 
lattice parameters with the variation of Sm content was ob-
served in sintered SmCo5 magnets [16, 17].

Figure 3a, b shows the hysteresis loops of Sm1+δCo5 in fields 
parallel to the ribbon (δ = −0.05–0.12), in fields parallel to the 
width direction (δ = 0.06), and in the out-of-plane direction,  

Figure 2. Lattice parameters a, c, and cell volume V of Sm1+δCo5 rib-
bons as a function of δ.

Figure 3. Hysteresis loops of 
a) the Sm1+δCo5 (δ  =  −0.05 and 

0.12) in a field parallel to the rib-
bon length direction, 

b) δ = 0.06 in a field parallel to the 
ribbon length direction, parallel 
to the width direction, and out-
of-plane direction, and 

c) deduced magnetization 4πMs, re-
manence ratio Mr/Ms, coercivity 
Hc, and maximum energy product 
(BH)max versus δ.

http://link.springer.com/article/10.1007/s00339-014-8881-6#Fig1
http://link.springer.com/article/10.1007/s00339-014-8881-6#Fig1
http://link.springer.com/article/10.1007/s00339-014-8881-6#Fig1
http://link.springer.com/article/10.1007/s00339-014-8881-6#Fig2
http://link.springer.com/article/10.1007/s00339-014-8881-6#CR15
http://link.springer.com/article/10.1007/s00339-014-8881-6#CR16
http://link.springer.com/article/10.1007/s00339-014-8881-6#CR17
http://link.springer.com/article/10.1007/s00339-014-8881-6#Fig3
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and Figure 3c summarizes the deduced magnetic properties. 
For δ = 0.06, the magnetization, remanence, and coercivity 
along the length direction are much larger than those along the 
width and out-of-plane direction. This means that c-axis of the 
SmCo5 phase in the ribbons aligns parallel to the length direc-
tion, in good agreement with the XRD results. We also see that 
the squareness of the demagnetization curve is significantly im-
proved by the addition of a proper amount of Sm. The satura-
tion magnetization Ms decreases with increasing Sm content. 
We believe that the magnetocrystalline anisotropy constant 
K does not change very much within the homogeneity range 
of SmCo5. Since the anisotropy field Ha = 2 K/Ms, we conclude 
that Ha increases with increasing δ. The increase in Ha and in 
the mean grain size leads to an enhancement of the coerciv-
ity. Possible reasons for the nontrivial positive dependence of 
coercivity on grain size are due to the weakening of effective 
intergranular exchange coupling. Hc increases to a maximum 
value and then decreases possibly due to the formation of the 

rhombohedral Sm2Co7 phase, which has a relatively low mag-
netocrystalline anisotropy.

It is known that, for low wheel speeds, the high temperature 
gradient along the radial direction of the copper wheel leads 
to the directional solidification of the SmCo5 melt and to the 
formation of out-of-ribbon plane (200) texture/packed SmCo5 
crystal grains [10]. It is believed that the shear stress normal 
to the radial direction of the rotating copper wheel further in-
duces the formation of preferred c-axis orientation parallel to 
the ribbon length direction. The addition of Sm may decrease 
the constitutional undercooling area and favor the growth of 
packed SmCo5 crystallites. This leads to the enhancement of 
the degree of c-axis orientation, so the remanence ratio in-
creases linearly with Sm addition. The maximum energy prod-
uct increases with the Sm content due to the improvement 
of hysteresis loop squareness, coercivity, and remanence ra-
tio. There is a small variation of the energy product between 
δ = −0.01 and 0.06. This implies a wide composition window 
which is useful for the volume production of the melt-spun 
SmCo5 with high performance.

For a non-interacting ensemble of uniaxial grains, the nor-
malized average remanence can be written as [18]

Mn =
 Mr =

 ∫M(θ)p(θ)sin(θ)dθ                          
(1)

                                     Ms        ∫p(θ)sin(θ)dθ

where θ is the angle between the c-axis and field direction, and 
M is the normalized magnetic moment of the individual grains 
in the field direction. The c-axis distribution or texture function 
p(θ) can be approximated by

p(θ) = p(0)exp(cos(θ))                                
 (2)                                                                γ

In this equation, γ parameterizes the width of the c-axis distri-
bution (γ << 1 for good texture). For the δ = 0.06 ribbon, Mr/
Ms = 0.91 corresponding to a γ value of about 0.07 and to a nar-
row normalized c-axis distribution p(θ)/p(0), as shown in Fig-
ure 4. The percentage of SmCo5 grains with alignment angles 
smaller than 25° is about 75 %.

Figure 4. Normalized c-axis probability distribution function p(θ) for 
oriented SmCo5 grains in the Sm1+δCo5 (δ = 0.06) ribbon.

Figure 5. In-plane-view TEM images of 
Sm1+δCo5 ribbons: 
a) δ = 0.06, the ribbon length direction 

and the c-axis indicated by yellow 
and white arrows, respectively and 

b) δ = 0.12, the Sm2Co7 phase being in-
dicated by red arrows.

http://link.springer.com/article/10.1007/s00339-014-8881-6#Fig3
http://link.springer.com/article/10.1007/s00339-014-8881-6#CR10
http://link.springer.com/article/10.1007/s00339-014-8881-6#CR18
http://link.springer.com/article/10.1007/s00339-014-8881-6#Fig4
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Figure 5 shows the TEM images of the Sm1+δCo5 samples 
with δ = 0.06 and 0.12. All the samples consist of tightly packed 
grains. EDX analysis reveals that the δ = 0.06 sample is com-
posed of the SmCo5 phase, whereas the δ = 0.12 sample con-
sists of the SmCo5 and Sm2Co7 regions, the latter being the gray 
stripes indicated by the red arrows. It is estimated that the vol-
ume fraction of the Sm2Co7 phase is 13 %. The above results 
are in good agreement with the XRD results. This confirms that 
most of the SmCo5 grains exhibit c-axis alignment parallel to 
the long direction of the ribbons [19].

4 Conclusions

Highly anisotropic Sm1+δCo5 magnetic materials with large en-
ergy products have been fabricated by melt spinning. The rib-
bons (δ ≤ 0.06) consist of the single-phase hexagonal SmCo5 
and exhibit preferential c-axis parallel to the ribbon length di-
rection. Proper Sm addition improves remanence, remanence 
ratio, and coercivity and thus increases the energy product. 
Excessive Sm addition leads to the formation of the Sm2Co7 
phase, which deteriorates the magnetic properties. An energy 
product of 21.2 MGOe, which is the record value for Sm–Co 
ribbons, was achieved for the δ = 0.06. The high performance, 
high Curie temperature, and simple processing suggest that 
melt-spun SmCo5 may be useful for compacted or bonded high-
temperature magnets.
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