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Sm(CopaiFeyCusZry ). ribbons have been prepared by melt spinning at a low wheel velocity followed by short-

time aging and slow cooling the as-spun ribbons from 850 to 400°C. It is found that the composition can significantly

influence the degree of crystallographic texture of the ribbons. The 1:7 phase of the as-spun ribbons is segregated into

1:5 and 2:17 phases by the simple processing procedure. However, the crystallographic texture is still preserved in the
ribbons after precipitation hardening. (BH )max about 86kJ/m? can be obtained in the Sm(Co, Fe, Cu, Zr), ribbons

by the adjustment of composition.
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1. Introduction

The search for novel soft and hard magnetic ma-
terials for high-temperature advanced power appli-
cations is worldwide an active area of research. In
the development of high temperature magnets the
activities concentrate on the improvement of exist-
ing hard magnetic materials, such as the precipita-
tion hardened Sm(Co, Fe, Cu, Zr), magnets, and
on the search for new compounds with sufficiently
high values of magnetization and coercivity at ele-
vated temperatures. Sm(Co, Fe, Cu, Zr), permanent
magnets are the best choice for operating tempera-
tures above 300°C due to their high magnetocrys-
talline anisotropy, the strong coercive field and the
high Curie temperature.l! =3 The high coercivity re-
sults from the coexistence of a cellular microstructure
with rhombohedral 2:17 cells surrounded by hexagonal
1:5 cell boundaries. It is generally accepted that the
coercivity mechanism of Sm(Co, Fe, Cu, Zr), magnets

at room temperature is related to pinning of domain

walls at the 1:5 phase.[*~¢ The complex microstruc-
ture of the precipitation-hardened magnets is usually
obtained after a lengthy heat treatment. Therefore,
some efforts have been undertaken to simplify the pro-
cessing procedure.”~9 Unfortunately, the Sm(Co, Fe,
Cu, Zr), magnets obtained through the simple process
is always isotropic. Recently, it has been found that
anisotropic magnets (such as RE-Fe-B and Sm—Co
systems) can be obtained by a melt-spinning technique
at low wheel velocities.[1%11] However, anisotropic
precipitation-hardened SmCos/SmsCo;7 ribbons have
rarely been obtained up to now.[!2l Numerous investi-
gations show that the metastable 1:7 phase can by seg-
regated into a mixture of 2:17 and 1:5 phases by pre-

(13,14] Since the grain-boundary

cipitation hardening.
and cellular phases are coherent, the anisotropic
Sm(Co, Fe, Cu, Zr), magnets may be obtained eas-
ily if the anisotropic 1:7-type ribbons can be prepared
by melt-spinning. In this paper, the effect of the com-

position on the crystallographic texture and magnetic
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properties of the Sm(CopaFeg.1Cug.1Zr, )7 ribbons is
studied systematically. The coercivity mechanism
and the exchange interaction in these precipitation-
hardened magnets will be discussed in detail in an-

other paper.

2.Experiments

Ingots with nominal composition Sm(Cop, Fe,
Cu, Zry,), with z = 0.00 — 0.25, y = 0.00 — 0.30,
w = 0.00 — 0.10 and z = 6.5 — 7.5 were prepared by
arc-melting technique. The ribbons were obtained us-
ing the single-roller melt-spinning technique with the
surface speeds of the Cu wheel about 5 m/s. Sub-
sequently, without the traditional solid solution treat-
ment, they were isothermally aged at 850°C for 3h fol-
lowed by slow cooling at 1°C/min to 400°C and then
quenched to room temperature. Crystalline structure
was determined by x-ray diffraction (XRD) with Cu
Ka radiation. The magnetic properties were mea-
sured using a superconducting quantum interference
device (SQUID) magnetometer with a maximum ap-
plied field of 5T. The field was applied along longitudi-
nal direction of ribbons so the demagnetization factor

could be neglected.

3. Results and discussion

3.1. Effect of Cu content

Figure 1 displays typical XRD patterns of the
melt-spun and precipitation-hardened Sm(Copa; Feg 1
Cu,, Zrg.03)7 ribbons with different Cu contents z. As
can be seen from Fig.1(a), the as-spun ribbons consist
mainly of a single ThCur-type phase. This means that
the solid solution treatment, which is required for the
bulk precipitation-hardened magnets, is not necessary
for the melt-spun materials.[®13:15] The significantly
enhanced intensity of the (200) and (110) peaks for the
Cu-free ribbon suggests that they are crystallograph-
ically anisotropic with easy magnetization direction
parallel to the longitudinal direction of the ribbons.
However, a small quantity of Cu substitution leads
to a significant increase in the intensity of (111) re-
flection, which is close to that expected for isotropic
materials, indicating that no crystallographic texture
is present in the ribbons with z = 0.05. Further ad-
dition of Cu leads to stronger intensity of (111) peak,
indicating that the degree of crystallographic texture

increases with increasing Cu content.
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Fig.1. Typical XRD patterns of the melt-spun and
precipitation-hardened Sm(Copa1Feq.1CugZro.03)7
ribbons with different Cu contents.

As shown in Fig.1(b), the 1:7 phase of the
melt-spun ribbons is segregated into 1:5 and 2:17
phases after precipitation-hardening. The broadened
peaks of the precipitation-hardened samples indicate
that phase transformation leads to the formation
of a fine microstructure. According to the trans-
mission electron microscopy (TEM) investigations of
ours'®=18] and others,[® it can be concluded that a
cellular microstructure is achieved in the ribbons by
precipitation-hardening. More interestingly, the XRD
patterns of the annealed ribbons are very similar to
those of the melt-spun ribbons. This means that the
crystallographic texture is still preserved in ribbons
after precipitation hardening.

Copper always plays an important role in devel-
oping the magnetic properties of the precipitation-

(191 Figure 2 shows the magnetic

hardened magnets.
properties of the precipitation-hardened Sm(Copa
Fep.1 Cu, Zro.03)7 ribbons as a function of x. As can
be seen, the remanence ratio m, (= J,/Js where J,
and J; are remanence and saturation magnetization,
respectively) increases fast with increasing z. The
high m, about 0.8 is obtained in the ribbons with
x = 0.10 — 0.25. Unfortunately, J; of the ribbons falls
off quickly with increasing x. The coercivity H,. in-
creases slowly with increasing = from 0 to 0.05. When
x is increased beyond 0.05, H,. starts increasing sig-
nificantly and reaches its maximum value about 3 T
in the ribbons with z = 7.5. It is noted that H. of
the magnets with z = 7.5 and 7.0 reaches a maximum
when z is 0.15 and 0.20, respectively. However, for

the magnets with z = 6.5, H. increases monotonously
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with x up to 0.25. Previous studies showed that the
magnet with low ratio z has a smaller cell size and the
proportion of the cell boundaries is larger.2! Thus,
more Cu is needed to obtain a large domain wall en-
ergy gradient across the cell boundaries. This is the
reason why the coercivity has not yet reached its max-
imum even when «x is up to 0.25 for the magnets with
z = 6.5. By adjusting the Cu content, the maximum
energy product (BH )max about 80 kJ/m? is obtained
in the sample with z = 0.10 and z = 7.0.
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Fig.2. Magnetic properties of the precipitation-

hardened Sm(CopgiFeq.1CugzZro.03)7 ribbons as a
function of Cu content.

3.2. Effect of Fe content

Figure 3 displays typical XRD patterns of the
melt-spun Sm(CopaiFe, Cug.12Zr¢.03)7 ribbons with dif-
ferent Fe contents y. The as-spun ribbons consist
mainly of a single TbCuz-type phase. The intensity of
the diffraction peaks of the Fe-free ribbon is close to
that expected for isotropic materials, indicating that
no crystallographic texture is present in the ribbon.
The addition of Fe leads to significantly enhanced in-
tensity of (111) peak in the ribbons with y < 0.2,
which indicates the increase of texture degree with in-
creasing y. However, further addition of Fe leads to
the disappearance of crystallographic texture in the

ribbons.

r

1:7 phase

&
g
3
A
£=0.20
I—— A |
£=0.30

25 30 35 40 45 50 55
26/(°)

Fig.3. Typical XRD patterns of the melt-spun
Sm(CopaiFeyCug.1Zrg.03)7 ribbons with different Fe

contents.

Previous results suggests that Fe has a significant
effect on the magnetic properties since Fe can improve
Js of the Sm(Co, Fe, Cu, Zr), magnets. Figure 4 shows
the magnetic properties of the precipitation-hardened
Sm(CopaFe,Cug.1Zr¢.03)7 ribbons as a function of y.
It shows clearly that addition of Fe can effectively im-
proves Js. High m, about 0.8 can be obtained in the
ribbons with y < 0.20. However, m, decreases fast
with further addition of Fe due to the disappearance
of crystallographic texture as proved by the XRD pat-
terns. A maximum of coercivity exists with the Fe
content y = 0.15. The TEM studies for Sm(Co, Fe,
Cu, Zr), magnets with different y in Ref.[19] show
that the magnet with low Fe content has a smaller
but non-uniform cell size. With increasing Fe con-
tent, the cell size increases but becomes uniform be-
cause of Fe substitution in the 2:17 phase. This leads
to a larger Cu content in the 1:5 cell boundaries and
thus a higher coercivity at a fixed Cu content. With
further increase of y, the cell size increases continu-
ously and becomes nonuniform. The cellular struc-
ture starts deteriorated, and this leads to the decrease
of coercivity. Due to the enhancement of m, and J;,
(BH)max about 80 kJ/m? is obtained in the sample
with y = 0.10 — 0.20.
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Fig.4. Magnetic properties of the precipitation- Fig.5. Typical XRD patterns of the melt-spun

hardened Sm(Cop,Fe,Cug.1Zrg.03)7 ribbons as a

function of Fe content.

3.3. Effect of Zr content

Figure 5 displays typical XRD patterns of the
melt-spun Sm(Copa Feg.1 Cug.1Zr,, )7 ribbons with dif-
ferent Zr contents w. All as-spun ribbons consist
of a single TbCur-type phase. The significantly en-
hanced intensity of the (200) and (110) peaks for the
Zr-free ribbon suggests that they are crystallographic
anisotropic with easy magnetization direction paral-
lel to the longitudinal direction of the ribbons. How-
ever, no obviously preferential orientation of the crys-
tallites is observed from the diffraction peaks of the
sample with w = 0.01. It is interesting to note that
the enhanced intensity of the (110) peak for the sam-
ple with w = 0.04 suggests that partially preferen-
tial orientation is obtained. Further Zr substitution
leads to a more pronounced increase in the intensity
of (110) peak and the perfect crystallographic texture
is obtained in the ribbon with w = 0.08. Due to the
appearance of 2:7 phase, the crystallographic texture
disappears in the ribbon with w > 0.09.

Figure 6 shows the magnetic properties of the
precipitation-hardened Sm(CopaFeg.1Cug.1Zr,,)7 rib-
bons as a function of w. It is found that m, of the Zr-
free ribbon is as high as 0.84. However, it dramatically
decreases to about 0.7 for the sample with w = 0.01
and then increases with the increase of w. m, about
0.9 can be obtained in the ribbons with w = 0.08.
Further Zr substitution leads to the sharp drop of m,

again. The m, vs w plot can be attributed to the vari-

Sm(CopaiFep.1Cug.1Zrw)7 ribbons with different Zr

contents.

ation of the texture degree in the ribbons as shown
in Fig.5. The coercivity increases significantly with
increasing w and reaches the maximum of 1.5 T at
w = 0.06 due to the increases of the amount of Zr-rich
lamellar phase.'?! Unfortunately, Zr addition leads to
the fast drop of Jg since J; of the Zr-rich phase is
far lower than that of 1:5 or 2:17 phases.['3] (BH )max
at first increases due to the improvement of rectan-
gularity of the demagnetization curves. It reaches a
maximum value of about 80kJ/m® at w = 0.03, and

then falls off due to the fast drop of J;.
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Fig.6. Magnetic properties of the precipitation-

hardened Sm(Coy,, Feg.1Cug.1Zrw )7 ribbons as a func-
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3.4. Effect of the ratio z

The XRD patterns of Sm(CopaFeg.1Cug.1Zr0.03)-
ribbons, not presented in this paper, show that
the Sm content has little influence on the crystal-
lographic texture of the ribbons. Figure 7 shows
the magnetic properties of the precipitation-hardened
Sm(CopaFeg 1Cug.1Zrg.03). ribbons as a function of
the ratio z. m, is about 0.8 and rarely influenced by
the ratio z. This agrees with the results of XRD pat-

terns. According to the phase diagram,[?!! the pro-
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Fig.7.
hardened Sm(Cop,1Feq.1Cug.1Zr0.03)- ribbons as a

Magnetic properties of the precipitation-

function of the ratio z.

portion of the 1:5 cell boundaries is larger for small
ratio z. Thus, samples with higher ratio z are found
to have higher saturation magnetization because Jg
of 2:17 phase is higher than that of 1:5 phases. The
TEM studies of Ref.[22] showed that the cell size of the
precipitation-hardened magnets increases with the in-
crease of the ratio z. For a fixed Cu content, a larger
cell size results in a larger amount of Cu in the 1:5
cell boundaries. This leads to a larger gradient in do-
main wall energy across the cell boundaries, resulting
in a stronger domain wall pinning, and gives rise to
a higher coercivity. Due to simultaneous increase of
Js and H., (BH )max increases monotonically with in-
creasing ratio z, and a value about 86kJ/m® can be
obtained in the ribbon with z = 7.5.

4. Conclusion

The Sm(Cop,Fe,Cu,Zr,), ribbons have been
prepared by melt spinning at a low wheel velocity.
The as-spun ribbons consist of a single ThCuz-type
phase. The composition can significantly influence
the crystallographic texture of the ribbons. The 1:7
phase of the melt-spinning ribbons is segregated into
1:5 and 2:17 phases by short time aging and slow cool-
ing the as-spun ribbons from 850 to 400°C. However,
the crystallographic texture is still preserved in rib-
bons after precipitation hardening. (BH)ya.x about
86kJ/m? can be obtained in the Sm(Co, Fe, Cu, Zr),

ribbons obtained by this simple processing procedure.
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