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Rapidly solidified SmFe;+, My (M = Mo, V, Ti) compound were found to crystallize in the Sm(Fe, M),
based stable magnetic phase by introducing a second transition element into the Sm-Fe binary system.
The Sm(Fe, M); phase exhibits the highest Curie temperature(T. = 355 °C) ever known in the Sm-Fe
magnetic systems with a quite high intrinsic coercivity(;He = 3 ~ 6 kOe). The Sm(Fe, M), phase re-
mains stable even after annealing if once form during the rapid solidification. The primary reason for the
high coercive force is due to the fine grain size(2000 ~ 8000 A) of the magnetic Sm(Fe, M); matrix
phase, and the enhanced Curie temperature is attributed to the extended solid-solubility of the additive
transition elements in Fe matrix, which leads to volume expansion of the Sm(Fe, M), cell causing an

enhanced coupling constant of Fe atoms,

I. Introduction

Following the discovery of the Nd,Fe;sB based
compound, extensive investigations have been fo-
cussed on the ThMn;; based compounds. By
alloying small amounts of a third element MM =
Ti, V, Cr, Mo, Si) to Sm-Fe(Fe-rich) systems, a
number of new phases with interesting hard mag-
netic properties were reported to form[1-3]. Like
the Nd.FeuB phase, the tetragonal Sm(Fe, M),
structure shows promising characteristics such as
strong uniaxial anisotropy[1-2] and a Curie tem-
perature of 310 C as well as a high saturation
magnetization[3]. Besides the 1 : 12 phase, an ex-
tremely hard magnetic Sm,Fe,Ti type compound
(called A; which was firstly named by Schneider et
al.[4] in the Nd-Fe system) was observed in
sputtered thin films[5], and subsequently in
mechanically alloyed[6] and melt-spun ribbons[ 7]
by Katter et al. Recently, Stadelmaier et al.[8]
gave a comparison of the X-ray indexing of the
Sm-Fe-Ti(A; phase), and identified the A, phase
as SmsFei;. A complete indexing of the high coerc-
ive A, phase based on a hexagonal cell(a = 20,12,
c = 1234 A) was reported by Cadieu et al.[9].

However, the studies of Ref. 8 and 9 remain argu-
able due to the ambiguous conclusion whether the
M element is be in some grain boundary phases or
in the matrix magnetic phase.

During the course of efforts to prepare SmFe;;,
Mx(M = Mo, V, Ti) single phased materials, we
found that a new class of compound having the
Sm(Fe, M); stoichiometry exhibits hard magnetic
properties. In this study we report the magnetic
properties and microstructural identification of the
Sm(Fe, M); phase.

II. Experimental

Using elemental Sm(purity 99.5 %), Fe(99.99
26) and M(M = Mo, Ti and V, 99.9 %). the SmFe
+xMx precursors were melted by induction heating
under an Ar gas atmosphere. The precursors, of
which the x varies from 0.2 to 2.0 with a
compositional interval 0.2 at.%, were then
remelted for three times to be homogeneous.
Weight loss during the melting caused by Sm
evaporation was compensated by adding excess 1
% Sm respective to the total weight of each pre-
cursor. Rapidly quenched ribbons were pepared by
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melt-spinning onto a conventional copper wheel ro-
tating at a line speed of 30 m/sec. Annealing at
650 ~ 750 C was carried out by sealing the sam-
ples into an argon gas filled quartz tube, X-ray dif-
fraction analysis was performed with a Rigaku’s
XRD-MXC diffractometer using Cu Ka radiation.
Magnetic properties of the ribbon samples were
measured at room temperature using a vibrating
sample magnetometer(Toei’s VSM-5) under a mag-
netic field of 16 kOe. In every measurements ap-
propriate demagnetization factor was taken in ac-
count based on the sample geometry. Thermomag-
netic curves were obtained using a Perkin-Elmer
analyzer(TGA-7) in a magnetic field of 30 Qe. Mi-
crostructural phase identification was carried out
by electron microscopy(SEM, TEM) and micro-
analysis techniques(EPMA, EDX) in addition to
the X-ray diffractometry.

. Results and Discussion

3. 1. Magnetic properties
In Fig. 1 and 2, the typical magnetic properties
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Fig. 1. Magnetic properties of melt-spun SmFe; M,
(M = Mo, V, Ti) ribbons as a function of M addition
before heat treatment(measured in plane direction)
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of the melt-spun SmFe;+.M,(M = Mo, V, Ti)
compounds are shown as a function of the addition
of M elements. Fig. 1 denotes the properties mea-
sured from the as-spun ribbons, and Fig. 2 is for
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Fig. 2. Magnetic properties of melt-spun SmFez+, M,
(M = Mo, V, Ti) ribbons as a function of M addition
after heat treatment (measured in plane direction)

the annealed samples at 700 ‘¢ for one hour. Since
the magnetic properties obtained both in-plane di-
rection and in the perpendicular direction to the
ribbon surface showed almost identical trends and
slightly higher values, the properties from the
in-plane direction are only discussed. Basically, the
principal magnetic properties(;H,, By and (B. H)
max) Of the melt-spun compounds increase with the
addition of Mo, V and Ti up to a certain compo-
sition x, and then decline thereafter. However, the
composition x giving the maximum value in each
He, Br and (B. H)max is not the same for the
pseudo-binary compound of different additive. For
the SmFe;+;M, the H. B: and (B. H)umux are
maxmized simultaneously at x = 0.8 ~ 1.0 and
then tend to decrease thereafter. For the SmFe; .V,
and SmFer+,Ti, samples, however, the coercivity
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values increase monotonically up to x = 1.5 giving
a ;H. of 5 kQOe, and then decline thereafter. The re-
sultant energy product, (B. H)max oObtained from
the SmFeg;Vys and SmFegsTi s compounds were
5.0 MGOe and 3.4 MGOe, respectively. Particu-
larly, the SmFe,+xTix compounds exhibited con-
siderably high remanence(B:) vales of 6 to 8 kG
between x = 0.4 and 1.0. However, since the
coercivity values are rather low in this range, the
energy product of 3.2 MGOe is obtained from the
SmFe;3Tips composition. After annealing the
SmFe;sMoys the maximum energy product of 3.0
MGOe was obtained, while the SmFe;;Vys and
SmFe;Tigs compounds show the (B. H)max of 4.0
MGOe in Fig. 2.

Curie temperature of the Sm-Fe binary systems
was considerably enhanced by introducing Mo, V
and Ti to form SmFe; (.M, ternary systems. Fig. 3
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Fig. 3. Varation of Curie temperature of melt-spun
SmFe;+ . M,(M = Mo, V, Ti) ribbons as a function of
M addition.

shows the variation of Curie temperature of the
melt-spun  SmFe;+xM. The Curie temperature
increases as a function of M addition up to a cer-
tain composition x, and then decreases with the
further addition of M, A Curie temperature of 270
¢ was obtained at x = 0.6 for the SmFe;¢Moqs,
while 300 C and 355 C were achieved at x = 1.0
for the SmFegTi and SmFegV compounds, respect-
ively. These levels of Curie temperature are quite
high compared with those from the previously
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known SmFe;[1-3] or SmsFey;[8] based struc-
tures. In the mean-molecular-field model the Curie
temperature of the various rare-earth iron com-
pounds can be expressed as

Sch = QFeFe + (aZFeFe +4 a'RFeﬂ'FeR)l/z

where the magnetic interaction energy between
the R atoms (arr) is neglected, then

QFeFe — ZFeFeJFeFeSFe(SFe + 1),
arroarer = ZrreZrexSre(Sre + 1) (g5 — 1)] (J4+1) I kee

where all the terminologies are defined elsewhere
[10]. According to this model the Curie tempera-
ture is mostly influenced by the exchange energy
between the Fe atoms(arere), therefore by both
the everage number of Fe neighbor atoms to Fe
(Zrere) as well as the coupling constant(Jrere). The
coupling between the R and Fe atoms would be
smaller. In this regard, taking into account the
atomic radius(or ionic radius) of each additive Mo,
V and Ti elements, the expected T. for the SmFe
M(M = V, Mo, Ti) at a certain x must be
either in order of V> Mo > Tior Ti > Mo > V
when only the Zgere(0r Zgre, Zrer) 1s concerned. Be-
cause the atomic radius of each V, Mo and Ti is
1.32, 1.36 and 1.47 A respectively. However, this
was not true as shown in Fig. 3 where the SmFe+«
Vx compound always exhibit the highest T. over
the entire x range. Accordingly, not only the Zre.
(or Zgre, Zrer) but the Jrre(or Jree) would also
change at the same time in the way that the re-
placement of M atoms for Fe leads to volume ex-
pansion of the Sm(Fe, M); cell causing an enhan-
ced Jrere{or Jrre) [9].

3. 2. Identification of magnetic phase

Considering the magnetic transformation taking
place through the variation of M addition in the
SmFe; <My shown in Figs. 1 and 2, the existing
magnetic phase(or phases) was identified by
choosing the SmFe;sM;s and SmFesM stoichiome-
tries which exhibit the excellent magnetic proper-



{3 7=%) Magnetic Hardening of Rapidly Solidified SmFe;+,M-+- —Choong jin Yang, E. B. Park and S. D. Choi

ties, First of all, rapidly quenched precursor of Sm
Fe; stoichiometry was prepared and characterized
by indexing the reflected peaks. The SmFe; pre-
cursor crystallized mostly in the TbhCu; type 1:7
stoichiometry[11-12] with a certain amount of Sm,
Fey; crystals represented by the well-resolved(204)
and (211) reflections from the rhombohedral struc-
ture. No free a-Fe was observed in this SmFe; pre-
cursor, However, when a Fe-riched SmFe; precur-
sor was rapidly quenched by the same condition,
the SmFe; crystallization was observed be ac-
companied by SmFe, phase as shown in Fig. 4.
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Fig. 4. X-ray diffraction patterns of as-spun (a) Sm
Fe; and (b) SmFe; ribbons, respectively.

Unlike the binary SmFes or SmFe,, the addition
of M elements into the binary system leads to the
formation of some amount of FezM and a-Fe which
are magnetically soft. Instead Smy(Fe, M),; and
SmFe, phases tend to disappear suggesting that

the Sm(Fe, M); phase becomes stable by intro-.

ducing the second transition elements(Mo, V and
Ti) into the SmFe; structure. This fact was true
for all the as-spun SmFegM(M = Mo, V, Ti) rib-
bons. It is very plausible to consider the coupling
force that the substituionally solutionized second
transition M atoms would have more attractive
coupling force with Fe atoms than the Sm atoms
do with Fe. This idea was already assumed in the
previous chapter discussing the mean-molecular-
field model. Fig. 5 shows X-ray diffraction pattern
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Fig. 5. X-ray diffraction patterns of as-spun (a) Sm
Fe; and (b) SmFeg ribbons, respectively.

of the typical SmFe;V compound. It is obvious in
Fig. 5(b) that the addition of V into the SmFe,
system make the Sm(Fe, V); phase stable. Only
the presence of Fe;V and o-Fe are indicated thou-
gh neglegible. Besides, the stablized Sm(Fe, M),
phase was found not to be changed even after
annealing at 600 ~ 750 ¢ for 1 ~ 2 hours. This
should be a merit of this compound for the use of
resin bonded magnets. Fig. 6 and 7 shows the
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Fig, 6. X-ray diffraction patterns of as-spun (a) Sm
FesTi, (b) SmFeyV and (c) SmFegMo ribbons, re-
spectively.
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Fig. 7. X-ray diffraction patterns of melt-spun (a) Sm
FeyTi, (b) SmFesV and (c) SmFeyMo ribbons, re-
spectively.

X-ray diffraction patterns of SmFe;M(M = Mo,
V, Ti) compounds before and after annealing. Only
some amount of SmFe, in addition to Fe;Mo and «
-Fe is indicated in the SmFesMo compound, It is of
worth to note that the authors have already repor-
ted the formation of NdFe; phase in melt-spun Nd
Fe, compound[13-14]. The metastable NdFe,(rho-
mbohedral system in hexagonal axes) phase was
found to be embedded in Nd-rich matrix which
exhibits a high coercivity(GH. = 2 ~ 3.5 kQe) and
Curie temperature(T. = 230 ~ 235 ) as well.
After annealing, however, the magnetically hard
NdFe; phase was transformed into Nd,Fe,, plus Nd;
Fe; which showed very low coercivity value (;H.
= (.18 kOe) although the Curie temperature was
not changed.

The single phased SmFesM grains are well de-
veloped in the as-spun ribbon’s surface as shown in
Fig. 8(a), (b) and (c) corresponding to SmFe;Mo,
SmFesV and SmFeyTi, respectively. The fracture
surface of SmFeyTi ribbons in Fig. 9(c) particu-
larly shows considerably fine grains under 5000 10\
which primarily is responsible for the high
coercivity of the SmFe,Ti and SmFe; Tiys com-
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Fig. 8. SEM micrographs showing the Sm(Fe, M),
crystals at the surface of (a) SmFesMo, (b) SmFe,V
and (c) SmFeyTi ribbons, respectively.

Fig. 9. SEM micrographs showing the grain aspect at
fracture surface of (a) SmFegMo, (b) SmFeyV and
(c) SmFeyTi ribbons, respectively.,

pounds. Intrinsic magnetic properties of single pha-
sed FesMo were measured to clear the role of Fe;
Mo. The exhibited coercivity values were 200 ~
340 Oe, and the observed saturated moment was
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2.4 ~ 3.4 kG. This value of coercivity is almost the
same to that of a-Fe which is magnetically soft,
Accordingly the enhancement in coercivity of
SmFe;M compounds could be attributed to the fine
size of Sm(Fe, M); grains, where the exact reason
for grain refinment could not be clarified yet. Since
the formation of Fe;M and a-Fe articles was not
confirmed to taek place along the grain boundary,
one of the possible explanation for the enhanced
coercivity may be based on the random anisotropy
model of microcrystalline magnetism[15] which is
well explained for melt-spun Sm(Fe, Ti) ribbons of
ThMn,, structure. It gives the correct magnitude
of coercivity varying as the reciprocal of the crys-
tallite size[15]. As a reference the characteristics
of typical phases of previously reported Sm-Fe pse-
udo binary compounds are summarized in Table I

Table 1. Characteristics of typical Sm-Fe systems
prepared by rapid solidification

alloy process phase alttice parar?eter Curie crystal
composition identified (A} temp.{C) structure
a c
SmyFey MU gupe ag% 417 10 thomb. (11}
ribbon
SmygFeq) ~ SmFe; 4877 4,289 200 rhomb, (1)
SmigFerVys M Srpe vy, wses a2 310 tetragonal. (6)
alloying
SmFeiTi  sputtering  Smg(FeTi);y 2012 1234 305 hexa. (9)
SmEeM meltsow gup vy, gs 4m0 %5 homn, PR
(M=Mo,V.Ti) ribbon work

The alloys with Sm contents more than 10 at.%, i.
e., SmpFey and SmsFe;V s were always found to
form in SmyFey; and Sm(Fe, V), structures, re-
spectively, with the presence of SmFe, Laves
phase, while the pseudo binary SmFe, Ti and the
present SmFe;M(M = Mo, V, Ti) stoichiometry
crystallized in single phased Sms(Fe, Ti)y; and
Sm(Fe, M), respectively. The formation of minor
a-Fe in the SmFe;M compounds was confirmed to
take place as fine particles in the Sm(Fe, M),
matrix as shown in Fig. 10. Fig. 10(a) is a TEM
micrograph showing the Sm(Fe, Mo), grains and
(b) is electron diffraction pattern obtained from
(a). The inset in (a) is an electron microdiffraction
pattern obtained from the a-Fe particle indicated
by an open arrow. The Sm(Fe, Mo), phase is also
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can be seen around the Sm(Fe, Mo), grains indi-
cated by dark arrows. As Cadieu et al.[9] claimed,
the additives M do not go to the grain boundaries
but would be substitutionally solutionized in the
matrix phase. In Fig. 11 we have plotted the

Fig. 10. (a) TEM micrograph showing the Sm(Fe,
Mo); grains, and (b) is a electron diffraction pattern
obtained from (a). The inset in (a) is a microdiff-
raction pattern obtained from the FesMo particle
indicated by an arrow.

Sm(1a) O
Fe(2e) @
Fe(2c) @
Fe(3g) O

©)

Fig. 11. Crystal structure of the Sm(Fe, M); phase
group P6 /mmm,
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the structure of Sm(Fe, M); phase belong to the
space group P6/mmm, where (c) is the plot vie-
wing right side of (a).

IV. Conclusion

New hard magnetic phase based on Sm(Fe, M);
(M = Mo, V, and Ti) crystal structure was found
to form in rapidly solidified SmFe;+:M, compound.
The Sm(Fe, M); crystals of the space group P6/
mmm with a = 4.891 and ¢ = 4.20 A exhibit strong
coercive force such as ;H. = 3 ~ 6 kOe to have an
energy product, (B. H)m = 4.5 — 5.0 MGOe.
Such a magnetically hard properties indicate a
strong potential for a commercial use, In this paper
we reported the existance of Sm(Fe, M), phase for
the first time in Sm-Fe binary system.

References

[ 1] A. Muller, J. Appl. Phys., 6§4(1988) 249.

[ 21 D. B. deMooij and K. H. J. Buschow, J. Le-
ss-Common Metals, 136(1988) 207.

[3]J. Hu T. Wang, S. Zhang and Z. Wang, J.
Magn. Magn. Mater., 74(1988) 22.

[ 471 G. Schneider, F. J. G. Landgraf, V. Vil-

=z A
R ARl

g2 2}7] 85 %] Volume 4, Number 3, September 1994

las-Boas, F. P. Missell and A. E. Ray, Mater-
ials Letters, 8(1989) 472.

[ 5] N. Kamprath, N. C. Liu, H. Hedge and F. J.
Cadieu, J. Appl. Phys., 64(1988) 5720.

[ 6] K. Schnitzke, L. Schultz, J. Wecker and M.
Katter, Appl. Phys. Lett., 56(1990) 587.

[ 7] M. Katter, J. Wecker and L. Schultz, Appl.
Phys. Lett., 56(1990) 1377.

[ 8] H. H. Stadelmier, G. Schneider, E. T. Henig
and M. Ellner, Materials Letters, 10(1991)
303.

[ 9 ]F. J. Cadieu, H. Hedge, R. Rani and K. Chen,
Materials Letters, 11(1991) 284.

[10] K. H. J. Buschow in:ed. E. P, Wohlfarth,
Ferromagnetic Materials vol, 4, North-Hol-
land, Amsterdam(1988) pp. 44 ~ 46.

[11] K. H. J. Buschow and A, S. van der Goot,
Acta Cryst., B27(1971) 1085.

[12] M. Katter, J. Wecker and L. Schultz, J. Appl.
Phys., 70(6) (1991) 3188.

[13] C. J. Yang, W. Y. Lee and S. D. Choi, J.
Magn. Magn. Mater., 114(1992) 18.

[14] C. J. Yang, W. Y. Lee and S. D. Choi, Mater-
ials Letters., 12(1991) 233.

[15] H. Sun, Y. Otani and J. M. D. Coey, J. Appl.
Phys., 67(9)(1990) 4659.

715 SmFerMx 3350l AAH Al 7R3 A

FRERR - AT - R

Ared kel %

4 AA7) 2 ATFAl, P.O.Box 135, 790600 L34

(19941 69 1220 95, 1994 99 139 AFFAH L 1)

43157 8h2ql SmFe ol Aol 244 SmFe; . My(M = Mo, V, Ti) #3&& F5377142 A=t
AL Ve = A 28 24 Akl Sm(Fe, M), & &4 shdeh. SmFe o) dAlel A 28] Aolf4 Mo, V &= Tis

A rtate 24, Sm(Fe, V), AL Fal2
Mo, V, Ti)e] g3z (H) el 3 ~
At A2 Fojlx wdgle] <

2% (Tc) 7} 355 °Coll Halomd x = 0.8 7} 1.0 Abe] ol A SmFerMx(M =
6 kOeZ 7+= Al A4 A4S Al =3kgic). Sm(Fe, M), 42 483 = deiol
bRt on 238 FlAdolA ok ¥
o gutAA ARATFEE 2 ¥ Alels P6/mmm Space Group ol &3k

8 A7) £E4E 19tk Sm(Fe, M),
nez %}“354 2ot Sm(Fe, M); =

A ae] TaAAE e XA ol F4dztel ofste] AR 2000 ~8000 Al =Rz 417

=R
W] Folu, HL FIUXES Holk HEH2 %-’-‘7‘%‘7—}01] olal A 22] Aeldigl Mo, V &=

Tig] Feol o3 &%

7 A Aol 4 pet D535 Fobd AW BLE S A5aA SEs] AEelth



